Lunar surface roughness comminution study Final report, 20 Jul. 1964 - 7 Apr. 1965 by Faust, L. H. & Meloy, T. P.
$ GPO PRiCE 
CFSTI PRICE(S) $ 
I 
Hard copy (HC) \z d=j 
Microfiche (MF) I ;7s1 
ff 853 July 85 
J E T  P R O P U L S I O N  L A B O R A T O R Y  





c .  








LUNAR SURFACE ROUGHNESS 
COMMINUTION STUDY 
July 20, 1964 to April 7, 1965 
Contract NO. 950919 
Serial NO. 6224 
Jet Propulsion Laboratory 
Pasadena, California 
This work was performed for the Jet Propulsion Laboratory, 
California Institute of Technology, sponsored by the 
National Aeronautics and Space Administration under 
Contract NAS7-100. 
Space and Defense Sciences Dept. 
Research ivision 
Milwaukee, Wiskonsin 53201 
Allis-Chalme ! s Mfg. Co. 
April, 1965 




The work for this program was accomplished under 
Contract 950919, for the period from July 20, 1964 
to April 7, 1365. The study was conducted by the 
Research Division, Allis-Chalmers, Milwaukee, 
Wisconsin. The program was under the direction 
of Dr. T. P. Meloy, Scientist-in-Charge, assisted 
by Mr. L. H. Faust, Scientific Systems Department. 
Management supervision was provided by Mr. Will 
Mitchell, Jr., Director of Research, Mr. C. L. 
Sollenberger, Assistant Director, and Dr. P. A. 
Joyner, General Manager, Space and Defense Sciences. 
co-authors of this final report are Dr. Meloy and 
Mr. Faust. 
I .  
Preface 
Table of Contents 
List of Figures 




Section I Summary 1 
Section I1 Introduction and Fundamentals 3 
Section I11 The Hard Rock Model 7 
Section IV The Energy Decay Law 10 
Section V Crate r ing 15 
Section VI The Roughness Estimate 33 
Section VI1 Discussion 45 




5 2  
54 
0 





















Energy Propagation 10 
Cratering Coordinate System 15 
Main Crater Program 16 
Cumulative Size Distribution for 
Ejecta From Impact Craters 
Ejected Particles Directional Vectors 21 
Polar Angle vs. Angle of Departure 22 
Radial Distribution Output Subprogram 26 
Secondary Particle Energies 2 9  
Hypothetical Division of Lunar Surface 33 
Substrate Protection by Upper Layer 36 
Lunar Dust Layer Depth 39 
Lunar Dust Layer Depth - Log-Log Plot 41 
Cumulative Mass Fraction - Lunar 
Dust Layer 4 2  
Lunar Surface - Percent Mass Finer 
Than Indicated Size vs. Time 4 3  
Lunar Roughness Program - Sense 




This i s  the  f i n a l  report on  a s tudy of  the roughness of the luna r  
su r face ,  cons ider ing  meteoric i n f a l l  as t h e  genes is  of craters 
and t h e  dus t  l a y e r s .  
encountering l a r g e  blocks of e j e c t a  or d e b r i s  thrown o u t  of the 
c r a t e r .  The s i z e  d i s t r i b u t i o n  and depth of t h e  r e s u l t i n g  d u s t  
or rubble  l a y e r  h a s  been ca lcu la ted .  
By roughness is  meant t h e  l i ke l ihood  of 
This  s tudy i s  d iv ided  i n t o  two main p a r t s .  The f i r s t  par t  con- 
siders what happens dur ing  ind iv idua l  crater formation and com- 
pu te s  the  s i z e  d i s t r i b u t i o n  of t h e  e j e c t e d  m a t e r i a l  from i n d i v i d u a l  
craters.  A l s o  computed is  the  d i s t ance  t h e  material is thrown. 
I n  t h e  second s e c t i o n ,  us ing  a matr ix  method developed previously,  
an e s t ima te  i s  made of t h e  s i z e  d i s t r i b u t i o n  and depth of the 
d u s t  on the  moon as a funct ion o f  t i m e .  
data has  been used. 
only one set of i n f a l l  
There i s  nothing discovered i n  t h i s  s tudy which i n d i c a t e s  that  
the s i z e  d i s t r i b u t i o n  of  t h e  dust  on t h e  lunar  su r face  is a 
hazard.; Blocks a f o o t  i n  s i z e  and l a r g e r  are rare. 
rare t h a t  they are not l i k e l y - t o  be detected on any of the Ranger 
p i c t u r e s .  This  i s  d iscussed  i n  g r e a t e r  d e t a i l  i n  Sec t ion  VI. 
The depth of t h e  d u s t ,  computed from us ing  Hawkins(l) i n f a l l  
data,  is  es t imated  a t  2 5  f e e t  if a volume d e n s i t y  o f  .4 is used. 
The d u s t  i t se l f  i s  q u i t e  f i n e .  F i f t y  percent  o f  the.mass of the 
m a t e r i a l  i s  f i n e r  than 40 microns] 80 percent  of  t h e  m a s s  is 
f i n e r  than 180 microns, and 99.9 percent of t h e  m a s s  i s  f i n e r  
than  1 m i l l i m e t e r .  The s i z e  d i s t r i b u t i o n  of the dus t  remains 
r e l a t i v e l y  cons t an t  while  t h e  depth i s  s e n s i t i v e  to the age of 
the moon and i n f a l l  rate. 
They are so 
I n  our study of c r a t e r i n g  s e v e r a l  i n t e r e s t i n g  conclusions have 
been reached. F i r s t ,  near the  edge of a new, large crater a 
number of ~ larger blocks can be expected. While these  blocks 
are rare over m o s t  of the lunar  su r face ,  near t h e  r i m s  of large 
craters they are more frequent.  Thus, landing i n  t h i s  reg ion  
would be hazardous. 
I f  one assumes the normal s c a l i n g  laws u s e d  t o  estimate m a s s  
of ejecta i n  a crater  as a funct ion of energy i t  leads t o  a 
paradox. The l a w  as it i s  usua l ly  s t a t e d  says  t h a t  the m a s s  
of e jecta  i s  p ropor t iona l  t o  t h e  energy of t h e  i n f a l l i n g  particle. 






I .  
of t h e  c r a t e r  s t o p s  when t h e  energy i n  the compressive elastic 
wave f a l l s  b e l o w  a given dens i ty ,  then  one can  d e r i v e  t h a t  
t h e r e  w i l l  be a lower l i m i t  beyond which c r a t e r s  cannot f o r m .  
The l a t t e r  assumption impl ies  t h a t  t h e r e  i s  a phys ica l  p rope r ty  
of t h e  rock - probably s t r e n g t h  - which determines whether it 
w i l l  or  w i l l  no t  break. This paradox has  n o t  been resolved.  
Another s c a l i n g  law which does not  work is t h e  d i s t r i b u t i o n  of 
t h e  d e b r i s  around t h e  c r a t e r .  Small c r a t e r s  are scoured c l e a n  
of ejecta. It is thrown many diameters  away. For l a r g e  craters, 
however, t h e  larger blocks a r e  i n  t h e  crater or near  i t s  r i m .  
This  means t h e  new, smal le r  craters w i l l  be symmetrical i n  out- 
l i n e  and w i l l  have l i t t l e  or no t r a c e  of ejecta near  them, 
Larger c r a t e r s  w i l l  show ejecta p a t t e r n s  near  t h e i r  r i m s  which 
g ive  them a rough unsymmetrical appearance, 
The au tho r s  would l i k e  t o  s ta te  unequivocally that  a l l  the 
estimates are t h e  r e s u l t  of a t h e o r e t i c a l  s tudy t h a t  l e d  t o  a 
r a t h e r  complex computer program. Though t h e  r e s u l t s  seem rea- 
sonable  t h e r e  i s  always t h e  chance . tha t  l o g i c  or programming 
e r r o r s  e x i s t .  This is  more l i k e l y  because t h e  program i n  its 
t o t a l i t y  may run but  once. On t h e  o t h e r  hand, t h e  au thors  see 
no llprima f a c i e "  reason t o  doubt t h e  r e s u l t s .  
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0 SECTION I1 
In t roduc t ion  and Fundamentals 
The dominant f e a t u r e s  of a lunar  su r face  a r e  t h e  craters. The 
major i ty  of t h e  v i s i b l e  c r a t e r s  a r e  be l ieved  t o  have been 
caused by t h e  i n f a l l  of meteoric bodies.  These bodies s t r i k e  
t h e  lunar  s u r f a c e ,  b u i l d  up very high p r e s s u r e s  and explode. 
This  process  of c r a t e r i n g  breaks up and throws ou t  a quan t i ty  
of d e b r i s .  These rock fragments land,  cause secondary craters 
and, over a per iod  of t i m e ,  a r e  eroded by t h e  i n f a l l  of f i n e r  
p a r t i c l e s  bombarding t h e  lunar  sur face .  
To estimate the luna r  roughness i t  is  necessary t o  consider  
t h i s  process  of c r a t e r i n g  caused by the i n f a l l .  It is  assumed 
i n  t h i s  s tudy t h a t  t h e  o r i g i n a l  lunar  s u r f a c e  was hard,  br i t t le  
rock s i m i l a r  t o  a f i n e  grained b a s a l t .  It i s  furthermore 
assumed t h a t  t h e  i n f a l l  breaks t h i s  su r f ace  i n  a b r i t t l e  manner. 
The b r i t t l e  f r a c t u r e  of b r i t t l e  rocks is known a s  comminution. 
Comminution i s  a widely used i n d u s t r i a l  process .  over t h e  l a s t  
hundred yea r s  a body of knowledge has  grown up on comminution 
processes  and r e c e n t l y  some t h e o r e t i c a l  work has  y ie lded  a 
clearer understanding o f  t h e  processes .  
When a b r i t t l e  s o l i d  - and g l a s s  i s  an e x c e l l e n t  example - is 
compressed energy i s  s t o r e d  i n  t h e  s o l i d .  When t h e  energy 
d e n s i t y  reaches a given l e v e l  c a t a s t r o p h i c  f a i l u r e  occurs .  The 
s o l i d  breaks up i n t o  a s i z e  spectrum of daughter fragments. 
These daughter fragments range i n  s i z e  from t h a t  of  t h e  origi- 
n a l  p a r t i c l e  down t o  molecular s i z e .  I f  t h e  amount of energy 
s t o r e d  i n  t h e  c r y s t a l  l a t t i c e  i s  increased,  then,  t h e  amount 
of  s h a t t e r i n g  o r  comminution w i l l  increase. It has  been found 
t h a t  f o r  m a t e r i a l s  i n  slow compression t h a t  doubling the s t o r e d  
energy doubles the amount of comminution. This is known as t h e  
energy d e n s i t y  l a w .  
T o  better understand t h e  comminution process  Meloy (2)  assumed 
t h a t  a ramulous network of random cracks passed through t h e  
specimen. ~ i :  was assumed t h a t  t he  crack d e n s i t y  was p ropor t iona l  
t o  t h e  energy s t o r e d  i n  t h e  l a t t i ce .  From t h e s e  assumptions 
c a m e  t h e  equat ion  
where ~ ( y , z )  i s  the mass of ma te r i a l  f i n e r  than  par t ic les  of 
s i z e  x and rz i s  the parameter t h a t  is  p o r t i o n a l  to  the 
pos tu l a t ed  t h i s  equat ion  empir ica l ly  by observing the s i z e  d i s -  
t r i b u t i o n  of fragments broken by impact. A l s o  independently 
Gi lva r ry (4 )  from a s i m i l a r  model  der ived  an  equat ion which be- 
haves very s i m i l a r  t o  equation l. Thus, r ecen t ly ,  a theoretical  
equat ion which f i t s  the experimental  d a t a  has been developed 
t o  desc r ibe  comminution events  occurr ing  i n  b r i t t l e  s o l i d s  w i t h  
uniformly d i s t r i b u t e d  energy d e n s i t i e s .  I n  the t h e o r e t i c a l  
d e r i v a t i o n  of equat ion  1, it w a s  assumed t h a t  the energy d e n s i t y  
throughout the specimen w a s  uniform. Furthermore, it w a s  assumed 
the crack d e n s i t y  w a s  a l i n e a r  func t ion  of the energy stored at 
any given po in t .  Many i n v e s t i g a t o r s  working w i t h  a v a r i e t y  of 
materia have found t th i s  i s  
Charlest'), Bergstrom 1'7 and Hukki 
energy Y s t o r e d  i n  the l a t t i c e .  ~ a r p i n s k i y ~ y ,  e t .  a l .  independently 
- Amongst them are \$re . 
For c r a t e r i n g  phenomenon a somewhat d i f f e r e n t  assumption must be 
made. As the e las t ic  compressive wave moves r a d i a l l y  outward 
from the ze ro  p o i n t  of impact the s t r e n g t h  of the wave decays.  
T h i s  means t ha t  the energy s to red  i n  t h e  c r y s t a l  l a t t i ce  v a r i e s  
from po in t  t o  poin t .  
Pigure  2.1 
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l o  ! . Figure 2 .1  shows a s e c t i o n  of a s o l i d  angle  where a t  the top 
t h e  energy d e n s i t y  i s  h igher  than a t  the  bottom. It  is. assumed 
t h a t  t h e  crack d e n s i t y  is  a func t ion  of t h e  energy d e n s i t y  and, 
hence,  m o r e  cracking takes p lace  a t  t h e  top than  a t  t h e  bottom. 
To d e r i v e  an equat ion which describes t h e  s i z e  d i s t r i b u t i o n  of 
t h e  fragment f r o m  a t runca ted  pyramid where s t o r e d  energy v a r i e s  
from p o s i t i o n  t o  p o s i t i o n  i n  t h e  s o l i d  i t  is  necessary t o  vary 
t h e  classical  approach. T o  describe t h i s  mathematically i t  is 
assumed t h e  s i z e  d i s t r i b u t i o n  wi th in  any element of volume d V  
i s  d i r e c t l y  p ropor t iona l  t o  the  s t o r e d  energy. By summing the 
s i z e  d i s t r i b u t i o n  for  each incremental  volume an  o v e r a l l  s ize 




I n  t h i s  equat ion V is t h e  volume, d V  i s  t h e  d i f f e r e n t i a l  volume 
and z ( r )  has  rep laced  z i n  equation 2 . 1  and i s  t h e  energy as 
a func t ion  of the d i s t a n c e ,  r ,  from t h e  zero  p o i n t  of impact, 
I n t e g r a t i n g  t h i s  equat ion over t h e  volume y i e l d s  M(y,z), the 
cumulative m a s s  of mater ia l  f i n e r  than s i z e  of y, f o r  a specimen 
i n  which the energy d e n s i t y  v a r i e s  f r o m  p o i n t  t o  p o i n t  i n  the 
specimen, 
I 
Tfierefore, i n  developing an adequate crater model i t  is important 
t o  know how the  energy decays wi th  pos i t i on .  I n  Sec t ion  lV an 
energy decay l a w  is  der ived .  This  energy decay l a w  s p e c i f i e s  
t h e  amount of energy a v a i l a b l e  f o r  comminution as a func t ion  of 
p o s i t i o n  i n  t h e  specimen. Furthermore, s i n c e  material l eaves  
t h e  crater  it is  important t o  know t h e  amount of energyavai l -  
able for e j e c t i n g  material from the  crater.  It a l so  is i m p o r t -  
a n t  t o  know t h e  f r a c t i o n  of t h e  a v a i l a b l e  energy t h a t  goes into 
k i n e t i c  energy of t h e  p a r t i c l e s .  It is assumed t h a t  t he  k i n e t i c  
energy of a fragment i s  d i r e c t l y  p ropor t iona l  t o  the energy 
d e n s i t y  and t h e  su r face  a rea  of  t h e  fragment. This energy 
p a r t i t i o n  i s  d iscussed  i n  Sect ion V on c r a t e r i n g .  
*-en the material is  comminuted and thrown o u t  of t h e  crater 
secondary craters are formed. par t ic ies  after traversirq a 
s p e c i f i e d  d i s t a n c e  land on the  luna r  su r face  and f o r m  their  own 
crater. It w a s  found, a s  discussed i n  Sec t ion  V I ,  t h a t  the 
amount of secondary c r a t e r i n g  w a s  n e g l i g i b l e  as f a r  as commin- 
u t i o n  i s  concerned, 
It should be poin ted  o u t  t h a t  only t h e  s o l i d  par t ic les  are con- 
s ide red  i n  t h i s  a n a l y s i s .  
d i t h  t h e  t a r g e t  a small  po r t ion  of t h e  ejecta i s  melted and 
thrown o u t  a t  very high speeds i n  a process  c a l l e d  ) e t t i n g ,  
Because of t h i s  s m a l l  amount of material  involved and l ack  of 
an adequate a v a i l a b l e  model,  t h i s  mechanism w a s  omit ted from 
our a n a l y s i s .  When t h e  p a r t i c l e s  land on t h e  luna r  su r face ,  
and speaking he re  of t h e  larger par t ic les ,  they  may be t r a v e l -  
i n g  wi th  s u f f i c i e n t  speeds t o  break themselves up. 
has  shown t h a t  equat ion 1, derived by Meloy(*) , holds i n  t h i s  
case  and t h a t  r ,  t h e  parameter d i r e c t l y  p ropor t iona l  t o  energy, 
i s  equal  t o  t h e  k i n e t i c  energy of t h e  par t ic le ,  
w a s  i n v e s t i g a t e d  and omit ted.  The d i scuss ion  is  i n  Sec t ion  V. 
When a high speed par t ic le  c o l l i d e s  
Karpinski(3)  
T h i s  e f f e c t  
I n  t h i s  "hard rockii  model s e v e r a l  nega t ive  assumptions w e r e  made: 
inc luding  t h e  fact t h a t  no p l a s t i c  deformation occurs i n  t h e  
rock. Bas i ca l ly  t h e  only importance of p las t ic  deformation would 
be i n  the p r o f i l e  of t h e  crater. 
f i l e  w a s  not germaine t o  t h e  study, t h e  assumption of no plast ic  
deformation i s  not  considered important.  
t h e  l i q u i d  d r o p l e t s  i n  the j e t t i n g  phase of t h e  b las t  w e r e  no t  
considered i n  our  a n a l y s i s .  Much of t h e  mass of  t h e s e  high speed 
par t ic les  leaves  the  luna r  su r face  and does no t  affect  the amount 
of secondary comminution. The amount of m a s s  involved i s  s m a l l .  
and the t o t a l  effect  on t h e  a n a l y s i s  i s  t o  inc rease  t h e  estimate 
of t h e  luna r  su r face  roughness. It  w a s  assumed that  t h e  moon 
n e i t h e r  gained nor l o s t  material .  
be changed i n  t h e  program. 
Since an accu ra t e  crater pro- 
As mentioned previous ly ,  
This  assumption can very e a s i l y  
Whenever assumptions or choices  w e r e  made dur ing  t h i s  ana lys i s ,  
t h e  choice leading  t o  a rougher lunar  s u r f a c e  w a s  chosen, A l l  
assumptions made i n  t h i s  study w e r e  made 09 t h e  basis  of their 
m e r i t  alone.  N o  attempts a t  curve f i t t i n g  or changing assump- 
t i o n s  t o  f i t  t h e  fac ts  w e r e  made a t  any p o i n t ,  except  a s  noted. 
I n  fac t ,  t h e  program w a s  only run once and a l l  d a t a  is  from 
t h a t  s i n g l e  run. 
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SECTION I11 
T h e  Hard Rock Model 
The fundamental comminution process  on the luna r  su r face  is  
t h e  formation of craters i n  the luna r  s u r f a c e  material  by 
meteoric  ardment. Published i n f a l l  d a t a  i n d i c a t e s  t h a t  the 
frequencyqPpof such impacts increases  r a p i d l y  with diminishing 
par t ic le  s i z e .  As a r e s u l t ,  an exposed rock par t ic le  has  a much 
h igher  p r o b a b i l i t y  of being s t r u c k  by a pa r t i c l e  much smaller 
than i t ,  than by one of the same s i z e  or l a r g e r .  As a r e s u l t ,  
m o s t  l una r  impacts resemble a s i n g l e  project i le  f i r e d  i n t o  a 
hard rock sur face .  
When a pro jec t i le  s t r i k e s  a hard su r face ,  enormous p res su res  
are b u i l t  up i n  t h e  v i c i n i t y  of t h e  impact. The material  under- 
goes deformation and, a t  s u f f i c i e n t l y  h igh  energy d e n s i t i e s ,  
mel t ing and vapor i za t ion  occurs. T h i s  molten and gaseous material 
i s  forced  o u t  of t h e  crater at h igh  v e l o c i t i e s .  Although the 
volume of m a t e r i a l  involved i s  very s m a l l  compared t o  t h e  t o t a l  
crater volume, t h i s  j e t t i n g  process r e p r e s e n t s  an important 
energy s ink .  The  p re s su re  wave  i s  t r ansmi t t ed  from t h e  impact 
p o i n t  i n t o  t h e  s u b s t r a t e .  It is assumed tha t  t h i s  energy wave 
i s  t r ansmi t t ed  equa l ly  i n  a l l  d i r e c t i o n s  i n t o  t h e  s u b s t r a t e  
material. Thus the energy wave propagates  wi th  hemispherical  
symmetry. A f t e r  t h e  energy wave decays t o  t h e  po in t  where the 
material  i s  no longer  molten it i s  assumed t h a t  t h i s  energy wave 
i s  the s o l e  cause of cracking,  h e a t i n g  and motion of the crater 
material .  Although l i t t l e  work w a s  done on the wave f o r m  of 
t h e  energy wave, it i s  assumed t o  be a compression r a r i f a c t i o n  
wave followed by other d is turbances  of smaller amplitudes. 
Cracking can take place as a r e s u l t  of t h e  hoop-stresses  set  up 
by the compression wave or as a direct  r e s u l t  of t h e  t ens ion  
caused by t h e  r a r i f a c t i o n  wave .  The hoop-stress cracking w i l l  
be carried along by t h e  crest of t h e  compression wave, w i l l  
t hus  occur a long p lanes  extending approximately r a d i a l l y  from 
t h e  p o i n t  of impact, and w i l l  occur first.  The t ens ion  cracks 
w i l l  tend t o  be i n  p l anes  normal t o  t h e  r a d i a l  d i r e c t i o n  and 
w i l l  occur la ter  i n  t i m e .  p a r t i c l e s  can break free due t o  the 
coa le sc ing  of r a d i a l  cracks or t h e  creation zf 2 tension crack. 
Rad ia l  cracking w i l l  cause a displacement of m a t e r i a l  perpen- 
d i c u l a r  t o  the polar r a d i u s  vector centered  a t  t he  p o i n t  of 
impact. 
be greatest near  the sur face .  The  compression and t ens ion  waves 
may d i s p l a c e  material  e i t h e r  outward or  inward toward t h e  impact 
This displacement w i l l  tend t o  be cumulative and w i l l  
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l .  
I 
1 
I Q  p o i n t .  However, i f  a p a r t i c l e  breaks f r e e  due t o  a t e n s i o n  c rack  
it w i l l  sp r ing  back toward the impact po i  t .  I f  a p a r t i c l e  breaks 
free due t o  coa lesc ing  of r a d i a l  cracks i t  w i l l  have a v e l o c i t y  
component directed outward and toward the su r face .  The magni- 
t u d e  of t h e  p a r t i c l e  v e l o c i t y  can be expected t o  increase wi th  
inc reas ing  energy dens i ty .  
It i s  be l ieved  t h a t  near t h e  su r face  of t h e  c r a t e r ,  where hoop- 
stress fo rces  a r e  m t  balanced, most of the p a r t i c l e s  a r e  f r e e d  
a s  a r e s u l t  o f  r a d i a l  cracking coa lesc ing .  o e r v a t i o n  of  hyper- 
v e l o c i t y  impacts i n  high speed photographs (8J'9 does i n  f a c t  
show l a r g e  p a r t i c l e s  being "peeled" back from the  advancing crater 
r i m ,  a t  l e a s t ,  i n  t h e  l a s t  s t ages  of c r a t e r i n g .  on t h e  o the r  hand, 
near  t h e  bottom of the  crater symmetry cons ide ra t ions  r u l e  out 
any very l a r g e  unbalanced fo rces  except along t h e  hemispherical  
r a d i u s .  Hence, t ens ion  cracking i s  probably a major cause a t  
t h e  bottom. o the r  p a r t s  of the  c r a t e r  could be expected t o  ex- 
h i b i t  some of both types  of cracking. 
As t h e  energy wave advances through the  Subs t r a t e  it w i l l  c a r r y  
along wi th  i t  t h e  r a d i a l  cracks and, i f  t h e  energy dens i ty  is 
s u f f i c i e n t l y  high,  i t  w i l l  nuc lea te  new cracks .  The energy den- 
s i t y  requi red  t o  propagate e x i s t i n g  cracks w i l l  be r e l a t i v e l y  
sma l l  compared t o  t h a t  requi red  t o  nuc lea t e  new cracks.  It is 
a fundamental assumption of t h i s  model t h a t ,  f o r  a given sub- 
s t ra te  m a t e r i a l ,  t he  energy dens i ty  requi red  t o  nuc lea t e  c racks  
i s  f ixed .  Below a cer ta in  threshold  value no new cracks are 
s t a r t e d .  The e x i s t i n g  cracks w i l l  cont inue t o  be propagated f o r  
a whi le ,  and, p a r t i c u l a r l y  near t h e  r i m ,  coa lesc ing  of c racks  
w i l l  cont inue t o  f r e e  p a r t i c l e s .  
As a consequence of t hese  cons idera t ions ,  t h e  crater can be ex- 
pec ted  t o  d e v i a t e  from a s t r i c t l y  hemispherical  shape t o  s o m e -  
t h i n g  more shallow. That i s ,  c r a t e r i n g  is c u t  o f f  a t  t h e  bottom 
by t h e  nuc lea t ion  th re sho ld ,  b u t  cont inues for a whi le  near the 
r i m  a s  r a d i a l  c racks  coalesce.  . 
Cracking i n  v e r t i c a l  p l anes  w i l l  be e s s e n t i a l l y  hoop-stress  crack- 
i n g .  This w i l l  impart  a llside-ways*l v e l o c i t y  component t o  the 
e j e c t e d  p a r t i c l e s ;  t h a t  is, they w i l l  tend t o  s p i r a l  out- from 
the c r a t e r .  The n e t  e f f e c t ,  however, w i l l  be t o  lower the angle  
a t  which t E e  p a r t i c l e s  a r e  e j e c t e d .  I n  o rde r  t o  s impl i fy  t h e  
model t hese  e f fec ts  w e r e  compensated f o r  by a r b i t r a r i l y  Z d j G S t h g  
t h e  depar ture  ang le s  t o  f i t  observa t ion  and t h e r e a f t e r - n e g l e c t i n g  
t h e s e  e f f e c t s .  
The model i s  e s s e n t i a l l y  two-dimensional. A p o l a r  coord ina te  
system i s  used w i t h  t h e  o r i g i n  a t  t h e  p o i n t  of impact. 
d e n s i t y  func t ion  is assumed t o  be a func t ion  of t h e  impacting 
The energy 
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energy, the substrate.materia1, and the polar radius only. The 
limits of cratering are assume3 to be an ellipse. Various 
eccentricities were tried, but one giving a crater diameter to 
depth ratio of 4 to 1 was settled on as being in reasonable 
agreement with observation. Cratering is assumed to stop when 
the energy density. at the rim reaches a fixed threshold value. 
SECTION IV 
The Energy Decay Law 
Energy is assumed to be propagated from the point of impact with 
hemispherical symmetry. 
about the origin with radius R then a certain amount of energy 
will propagate out through the surface as a result of the impact. 
If this quantity is divided by the surface area of the hemisphere 
a figure is obtained representing the flux density of the energy, 
or the energy per unit area. 
If a hemispherical surface is constructed 
Let p(r) = energy flux density function 
Consider a hemispherical shell in the substrate material of inner 
radius r and thickness Ar. (See Figure 4.1) 
Figure 4.1 
Such a shell will have a volume: 
(4.1) 
The total energy passing through the inside surface into the shell 




The total energy passing out of the shell through,the outer sur- 
face is: 
Hence, the net energy per unit volume remaining with the processed 
substrate material in the shell is: 
0 
1 
We assume that t he  net energy per unit volume retained in the 
processed material is directly proportional to the energy flux 
density function, p(r). Let rv be the constant of proportionality. 
Then, equating this quantity to the expression (4.4) above and 
using relation (4.1) , we obtain: 
2 2vr’=p(r) - 2n(r + A r) ‘p(r + r) (4.5) = N  - P (r) 
2/3 n(r + b r)3- *r3] 
\ 
Expanding and rewriting, we obtain: 
Dividing through by L! r, 
2rp (rtAr)-p (r) 
A r  -r I - 
Passing to the limit as Ilr - 0, we obtain the differential equa- 






0 . Rewriting, w e  ge t ;  
(4 .7)  
This can r e a d i l y  be in t eg ra t ed .  If log R is the a r b i t r a r y  con- 
s t a n t ,  then . 
log  p = log  l / r 2  + (- m r )  + log R ,  
or 
log  p = log  l/r* + l og  (e-01') + log R 
or 
-er log  p = log  (@ e 
or 
(4.8) p ( r )  = R / r  e 2 -or 
This equat ion  is  the fundamental energy re la t ion.  A l i t t l e  f u r t h e r  
a n a l y s i s  he lps  t o  c l a r i f y  the  role  of the parameter R ;  
again  t o  t h e  d e f i n i t i o n  of p ( r ) ,  i f  w e  mul t ip ly  p ( r )  by t h e  sur- 
f ace  a r e a  of a hemisphere of  r a d i u s  r ,  
Resor t ing  0 
W e  have t h e  t o t a l  energy pass ing  through t h e  sur face .  
and s impl i fy ing  t h e  above, we obtain:  
Expanding 
(4.10) -CY= (2nB)e 
An upper bound on (4.10) i s  c e r t a i n l y  given by t h e  t o t a l  energy 
of  the impacting p a r t i c l e .  
energy; 
Hence, w r i t i n g  Ep f o r  t h e  p r o j e c t i l e  
(4.11) ( 2 n ~ )  e-@ s EP 





T h i s  would be an e q u a l i t y  if the e l a s t i c  model w e r e  v a l i d  for  the 
very c e n t e r  of the crater. Since i t  i s  n o t ,  i t  is  more real is t ic  
to  w r i t e  
(4.13) P = & E p  
f o r  some s u i t a b l e  U. 
Experimental  evidence i n d i c a t e s  tha t  the m a s s  of elected material 
is  approximately p ropor t iona l  t o  the energy of the projecti le.  
The r e l a t i o n :  
(4.14) Me = Ep/8 x lo3 
i s  suggested by Gaul t ,  e t  a l .  (8) 
s t r a t e  i s  p, then t h e  ejected volume is  approximated by 
I f  the d e n s i t y  of the l u n a r  sub- 
(4.15) Ve = &/p = Ep/p x 8 x lo8 
The volume of one half  an  e l l i p s iod  of e c c e n t r i c i t y  e, and major 
semi-axis Rm, is g iven  by: 
Equat ing (4.15) and (4.16) gives a means of p r e d i c t i n g  the crater 
r a d i u s ,  assuming e l l i p t i c a l  boundaries: 
Reca l l i ng  t h a t  c r a t e r i n g  is assumed t o  be s topped by a th re sho ld  
v a l u e  of the energy func t ion ,  p ( r ) , , t h e n ,  independent of the 
n a t u r e  of the impact 
(4.18) p(Rmax)  = C = cons tan t  
Hence, u s ing  r e l a t i o n  (4.8) and assuming p t o  be known f r o m  (4.13) 
and t o  be known f r o m  (4.17), w e  may w r i t e :  
-13- 
R - @*Rmax e = c  ( 4 . 1 9 )  
R2max 
' 0  
or 
( 4 . 2 0 )  
or 
(4 .21)  
Hence, taken c o l l e c t i v e l y ,  4 . 8 ) ,  4 . 1 3 ) ,  4 - 1 7 ) ,  and 4 . 2 1 )  d e f i n e  
the energy decay l a w  i n s i d e  the  crater. 
The  energy per u n i t  volume l e f t  behind by t h e  wave i n  the processed 
ejecta  i s  given by 
P' ( 4 . 2 2 )  E r e m  = v.p(r)  = 7 e -mr  
This  remaining energy is assumed t o  be p a r t i t i o n e d  i n t o  thermal 
energy, k i n e t i c  energy required t o  move t h e  c e n t e r s  of g r a v i t y  
of the p a r t i c l e s ,  energy requi red  t o  genera te  new sur face  (com- 
minution energy) and var ious other possible energy s inks  no t  used 
by t h i s  model. 
volume a t  a p o i n t  will be: 
0 
Thus the increase  i n  thermal energy per u n i t  
( 4 . 2 3 )  Eth '  @ * P ( r )  




In this section, the events that occur during cratering are 
investigated and then described mathematically, During the 
cratering process, the substrate is shattered, material is 
ejected, the ejecta lands, shatters and creates new craters. A 
method is set up to calculate the size distribution of the frag- 
ments ejected, their radial distribution about the crater, and 
the effect of secondary cratering. 
Figure 5.1 
The region around a point of impact is addressed by means of 
polar coordinates. The third (spherical) coordinate is ignored 
except for volume calculations, making the model essentially 
two dimensional. The outer boundary of the crater is chosen 
to be an ellipsoid. After a little experimentation a depth to 
diameter ratio of 1. to 4 w a s  pickcd ar?d all computations were 
based on this. The crater radius is obtained from the postu- 
lated input energy by using equation (4.17)- 
In the immediate vicinity of the impact point, the ejecta 
material will be molten and probablyeven vaporized. This 
material is forced out at extremely high pressures and velocities, 
It is  l i k e l y  tha t  most of  t h i s  material  i s  l o s t  t o  o u t e r  space. 
I n  any event ,  i t  c o n s t i t u t e s  only a very small  percentage  of 
t h e  t o t a l  mass of ejecta.  It is  assumed i n  t h i s  model t ha t  
t h i s  mater ia l  i s  l o s t ,  i .e . ,  does no t  p l a y  any f u r t h e r  role 
i n  the cb rac t e r  of the luna r  su r face .  However, i n  the pro- 
gram mass i s  conserved. 
To o b t a i n  the boundary between molten and so l id  material, the 
energy func t ion  i s  used t o  f i n d  t h e  mel t ing  p o i n t .  Thus, l e t  
H be t h e  energy r equ i r ed  t o  raise one u n i t  volume of s u b s t r a t e  
t o  i t s  melt ing p o i n t .  Then, a t  t h e  plast ic-elast ic  i n t e r f a c e ;  
u s ing  express ion  (4 .23)  
0 
(5.1) 
T h i s  equa t ion  s e r v e s  t o  d e f i n e  Rmin ,  t h e  r a d i u s  of t h e  i n t e r f a c e  
o f  mel t ing  
va lues  ranging from 0.1 t o  0.9 w e r e  t r i e d  along w i t h  va r ious  
va lues  of Ek, t h e  k i n e t i c  energy f r a c t i o n .  
Eth  and 0 .2  for  E k  y i e lded  a mean pa r t i c l e  veloci ty  of 2.95 
km./sec. a t  the i n t e r f a c e  and these va lues  w e r e  used f o r  the 
remainder o f  the computations; 0 i s  the cons tan t  of proport ion-  
a l i t y  i n  equat ion  (4.5) and p ( r )  i s  the energy f l u x  d e n s i t y  of 
Eth t h e  thermal energy f r a c t i o n  had t o  be estimated. 
va lues  of 0.5 .for 
0 equat ion  ( 4 . 2 ) .  
S i z e  d i s t r i b u t i o n s  o f  fragments w i th in  t h e  crater are ob ta ined  
by us ing  t h e  comminution formula d iscussed  i n  Sec t ion  11, 
equa t ion  2 . 1, 
(5.2) 
where y i s  t h e  r a t i o  of fragment s i z e  t o  the largest  possible 
rock  diameter ,  and z is  d i r e c t l y  p r o p o r t i o n a l  t o  the energy 
d e n s i t y  i n  the rock. 
T o  apply t h i s  t o  the c r a t e r  model, cons ide r  a spherical rock of 
diameter D. If t h i s  rock is  sub jec t ed  by some means t o  a stress 
r e s u l t i n g  i n  a uniform energy d e n s i t y ,  then: 
(5.3) M ( X / D , z )  = l - ( l - X / D ) '  
w i l l  be the cumulat ive f r a c t i o n  of  mater ia l  breaking i n t o  s i z e  x 
or smaller.  T h i s  w i l l  be on a per u n i t  volume basis. I f  it 
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i s  assumed t h a t  the crack  s t r u c t u r e  i s  random, then t h i s  s i z e  
d i s t r i b u t i o n  w i l l  be v a l i d  for  any  p o r t i o n  of  t h e  rock. Now 
consider  a t h i n  hemispherical  s h e l l  o f  r a d i u s  r and volume dv 
i n s i d e  the  crater ,  poss ib ly  cu t  o f f  by the  e l l i p t i c  boundary. 
The symmetry assumption gives  a uniform s t r e s s i n g  of t h i s  
rock. Hence, t h e  amount of ma te r i a l  i n  t h i s  s h e l l  breaking 
i n t o  diameter x o r  less is; 
(5.4) d s ( x , r )  = dv- {l-(l-x/Zr) ~ ( r )  I for x < 2r. 
The exponent z ( r )  i s  simply k - p ( r ) ;  k w a s  eva lua ted  experimental ly  
i n  t h e  Allis-Chalmers l a b o r a t o r i e s  by dropping steel  ba l l s  of  
known weight on to  uniformly s i zed  rock specimens. 
t h e  r e s u l t i n  fragmentation with the  known input  ene rg ie s  a 
va lue  of lo-% was obtained fo r  t he  cgs system of u n i t s .  
Equation (5.4) s e rves  t o  def ine  t h e  s i z e  d i s t r i b u t i o n s  i n  a l l  
p a r t s  of t h e  crater.  I n  ac tua l  computations the c r a t e r  is  d iv ided  
up i n t o  a f i n i t e  set of hemispherical  s h e l l s .  For each s h e l l  a 
mean value of p ( r )  is computed and (5.4) i s  evaluated f o r  f i f t y  
va lues  of x,  ranging from 10-7 c m .  t o  103 c m .  
s t o r e d  i n  a l a r g e  table.  
By comparing 
f i e  r e s u l t s  are 
The a c t u a l  eva lua t ion  of (5.4) proved t o  be unexpectedly d i f f i -  
c u l t .  Qn practice , z(r) t akes  values  ranging from 1 up to  m o r e  
than 10  . For very l a r g e  values of  t h e  exponent and very s m a l l  
or so)  values  of x/2r,  computer programs f o r  logs and 
exponent ia l s  prove un re l i ab le .  An i n f i n i t e  series w a s  pro- 
grammed t o  handle  cases  where x/2r i s  very s m a l l  and t h e  
express ion  z ( r ) - ( x / 2 r )  i s  less  than one. There remains a reg ion  
of  i n t e r e s t  f o r  which ne i the r  method y i e l d s  s a t i s f a c  58ry r e s u l t s .  
This  has  l imi t ed  our  crater s t u d i e s  t o  impacts of 10  ergs or 
less. 
T h e  computer program for  t h e  crater model is  presented  i n  flow 
c h a r t  f o r m  i n  Figure 5.2. It c o n s i s t s  of a main program which 
r e a d s  input  d a t a ,  sets up various f ixed  tables,  computes a t a b l e  
of  t h e  energy func t ion ,  f i nds  volumes of t h e  hemispherical  crater 
shells,  and computes t h e  s i z e  d i s t r i b u t i o n  tab le  a l ready  men- 
t ioned .  va r ious  output  subprograms can be a t t ached  t o  the main 
f r o m  Figure 5.2 t h e  program is set up t o  study impacts of var- 
i o u s  ene rg ie s ,  keeping t h e  o ther  parameters f ixed.  
pi"yram. -.L--- 111c:3c ..: 1 1  be d i s m s s e d  sepa ra t e ly .  As can be seen  
T h e  f i r s t  oQtput  subprogram of i n t e r e s t  computes t h e  o v e r a l l  
s i z e  d i s t r i b u t i o n  of ejecta from a s i n g l e  crater. This is done 
by summing t h e  va lues  computed i n  equat ion (5.4) over t h e  en- 
t i r e  volume. This i s  permissible s i n c e  (5.4) is on a volume 
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MAIN CRATER PROGRAM 
Compute 





Compute Reference Tables of S i z e  
Departure f o r  Ejecta 
Frac t ions  and S e t  Up Angles of 
f 
/- - \ ' OUTPUT * 
Ejec ta  S i z e  
\ / ID i s t r i b u t i o n s  Subprogram + ----  
' Figure 5.2 
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b a s i s ,  i . e . ,  i s  n o t  normalized. The t o t a l s  f o r  each s i z e  x a r e  
then d iv ided  by the t o t a l  e l a s t i c  c r a t e r  volume. The r e s u l t s  
a r e  p r i n t e d  o u t  and a l s o  punched i n t o  cards  for l a t e r  re ference .  
This  program was run f o r  a wide range of impact e n e r g i  s and 
g ives  p l a u s i b l e  output  f o r  ene rg ie s  between lo5 and l o f o  e rgs .  
o u t s i d e  t h i s  range computational problems a r i s e .  The r e s u l t s  
f o r  t h e  above mentioned energy range a r e  shown i n  Figure 5.3. 
Figure 5.3 i s  a p l o t  of the cumulative f r a c t i o n  of m a t e r i a l  
f i n e r  than  s i z e  x vs. fragment s i z e  x.  These s i z e  distri- 
bu t io2gp lo t s  have been made f o r  ene rg ie s  ranging from l o 5  e r g s  
to  10 e rgs .  I t  should be noted t h a t  i n  t h e  upper s i z e  ranges 
the curves have a f l a t t e r  appearance than i n  t h e  smaller s i z e  
range where the  curves s teepen t o  uniform s lope .  The pinching 
of t h e  curves seen a t  po in t s  A and B is  be l ieved  t o  be due t o  
computational d i f f i c u l t i e s  mentioned above. A t  p o i n t s  A and B 
is be l ieved  t o  be due t o  computational d i f f i c u l t i e s  mentioned 
above. A t  p o i n t s  A and B t h e r e  a r e  l o g i c  changes. A t  po in t  C 
the c rves  a r e  wavy and are r e m i n i s c e n t  of t hose  obtained by 
Gaul ty8 ) ,  e t .  a l .  S p e c i f i c a l l y  they q u i t e  s i m i l a r  t o  t h e  
shape of t h e  e i g h t  curves  i n  Figure 27'7. Since t h e  computed 
curves of Figure 5.3 a r e  s i m i l a r  t o  those  shown by Gault  and 
s i n c e  t h e  model i s  a l o g i c a l  one i t  was f e l t  t h a t  t h i s  w a s  a 
v a l i d a t i o n  of our model of c r a t e r i n g .  Both t h e  experimental  
curves  of Gault and t h e  computed curves of 5.3 are un l ike  t h e  
c l a s s i c a l  s i z e  d i s t r i b u t i o n  curves found i n  normal comminution. 
I n  order t o  o b t a i n  t h e  r a d i a l  d i s t r i b u t i o n  of e j e c t a  about a 
c r a t e r  i t  i s  necessary t o  have an e s t ima te  of the  vector  
v e l o c i t i e s  of the ejected p a r t i c l e s .  
The problem of a s s ign ing  a d i r e c t i o n  t o  depa r t ing  p a r t i c l e s  is  
complex and was t r e a t e d  only s u p e r f i c i a l l y  i n  t h i s  p r o j e c t .  - 
T h e  problems of determining how a p a r t i c l e  breaks f r e e  w e r e  
d i scussed  i n  Sec t ion  111. Once the  p a r t i c l e  i s  free the prob- 
lem of c o l l i s i o n s  a r i s e s .  W e  disposed of the  l a t t e r  problem 
by ignor ing  it .  That is ,  it i s  assumed t h a t  once a p a r t i c l e  
i s  free,  it has an unobstructed o rb i t  t o  i t s  f i n a l  r e s t i n g  
place. 
L e t  a p a r t i c l e  be freed a t  po in t  P. 
be a u n i t  vec tor  in tkie d i r e c t i o n  of the p a r t i c l e ' s  i n i t i a l  
motion. L e t  (3 be t h e  angle of depar ture ,  i .e. ,  t h e  angie  
between v and the  horizon. W e  r e so lve  v i n t o  r a d i a l  and 
t a n g e n t i a l  components R and T.  
func t ions  of t h e  p o l a r  angle 8 only.  
L e t  Q! be t h e  angle  between V and the  tangent  a t  P. Then 
(See Figure 5.4) .  L e t  V 
W e  assume t h a t  R and T are 

















R ( e )  and T ( e )  were approximated using linear functions and the 
considerations set forth in Section 111. High speed photographs 
of hypervelocity impacts gives the impression of a high concen- 
tration of material leaving at 4 S 0  to 6 0 " ( * ~ ~ ) .  The particular 
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func t ions  picked 
~ ( 6 )  = - 4 e + 2.5 and T ( e )  = -1.5 8 + n (5.8) 
w e r e  s e l e c t e d  t o  g i v e  t h i s  concentrat ion.  Figure 5.5 g ives  a 








































Polar Angle vs. 
Angle of Departure 
Figure 5.5 
This  t a b l e  does no t  change f r o m  one c r a t e r  t o  another.  For 
economy of computing it i s  set  up i n  the i n i t i a l  p a r t  of t h e  
main program. 
E s t i m a t e s  of the magnitude of the particle v e l o c i t i e s  are ob- 
t a i n e d  from t h e  energy l a w s .  Reca l l  from (4.24) t h a t  t h e  
k i n e t i c  energy pe r  u n i t  volume is: Ek- a p ( r ) .  
L e t  Q ( x , r )  = amount of m a t e r i a l  of diameter x or less 
per u n i t  volume a t  r a d i u s  r. 
L e t  10 = x,<xl<x2< * - - -  a, = 2 r )  * rock diameters  a t  r a d i u s  r. . be a p a r t i t i o n  of the possible 
- 22  - 
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L e t  A V be a s m a l l  volume element a t  r a d i u s  r. Then, 
(5.9) % *  o! p ( r ) -  4 V = t o t a l  k i n e t i c  energy a v a i l a b l e  
i n  t h e  volume element. 
A l s o ,  
. A V  = t o t a l  amount of material 
i n  t h e  s i z e  (xi-1 t o  x i )  
i n  t he  volume element 
0 v. 
r ) )  
(5.10) {Q ( X i , r ) - Q  ( X i - 1 ,  
W e  assume t h a t  t h e  a v a i l a b l e  k i n e t i c  energy p a r t i t i o n s  itself 
over par t ic les  of var ious diameters i n  some manner which is  
dependent on t h e  c h a r a c t e r i s t i c  diameter x.  Thus, f o r  s o m e  
p a r t i t i o n  func t ion ,  w(x) ,  and some constant  of p r o p o r t i o n a l i t y  
c ( r ) ,  t h e  t o t a l  k i n e t i c  energy i n  t h e  volume element ,h V devoted 
t o  t h e  s i z e  f r a c t i o n  (xi-l to  x i )  w i l l  be; 
h 
where t h e  mean value theorem i s  used t o  ob ta in  a s u i t a b l e  xi. 
I f  (5.11) i s  summed over the e n t i r e  s i z e  range, w e  ob ta in  an 
expression f o r  the t o t a l  k i n e t i c  energy i n  t h e  volume element, 
n 
A v* 
, A  
(5 .12)  C ( r ) - E k . a * p ( r ) - A V  )- _I w ( x i ) [ a ( x j , r ) - Q ( x i _ l , r )  ] 
i=l 
Passing t o  t h e  l i m i t  as n 4 and I X i - X i - 1 1  - ‘ O ,  
w e  o b t a i n  f o r  the t o t a l  k i n e t i c  energy i n  1? V ; 
2 r  
Equating (5-9)  t o  (5.13) and s impl i fy ing ,  w e  ob-ain: 
- 23 - 
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2 r  
o r ,  so lv ing  f o r  the cons tan t  of p r o p o r t i o n a l i t y ,  
2 r  
Returning t o  (5.11) , if w (x)  is  i d e n t i c a l l y  1, then  equal  volumes 
of m a t e r i a l  w i l l  g e t  equal  amounts of energy r ega rd le s s  of the 
s i z e  of p a r t i c l e s  they c o n t a i n .  That i s ,  energy is  p a r t i t i o n e d  
by t h e  volume of t h e  p a r t i c l e s .  
i s  on s u r f a c e  area, and i f  w(x) = l /x  , t h e  p a r t i t i o n  i s  on 
c h a r a c t e r i s t i c  diameter.  
I f  wjx) = l / x  t h e  p a r t i t i o n  
With some choice made f o r  w ( x ) ,  equa t ion  (5.15) d e f i n e s  t h e  
cons t an t ,  c (r) . 
Let  t h e  s i z e  range be p a r t i t i o n e d  as before  and suppose the  rock 
has d e n s i t y  P .  Then, using (Solo), 
\ 
(5.16) p {Q(xi , r )  - Q ( x i - l , r )  1 - b  V = t o t a l  m a s s  of ma te r i a l  i n  
s i z e  range (xi-1 t o  X i )  i n  a s m a l l  volume 
element Is V. 
h 
Suppose t h a t  t h e s e  p a r t i c l e s  have a mean speed of v ( x i , r ) .  
t h e  k i n e t i c -  energy of t h i s  m a t e r i a l  may be w r i t t e n ;  
Then, 
I f  (5 .17)  is equated to (5.11), then a f t e r  s i m p l i f i c a t i o n  w e  
ob ta in :  
Pass ing  t o  the l i m i t  on the x- p a r t i t i o n  a s  before  and so lv ing  
for t h e  speed w e  obtain:  
- 2 4  - 
W i t h  v e l o c i t y  d i r e c t i o n  known f r o m  (5.7) and magnitude known 
from (5.19),  t he  t r a j e c t o r y  of a par t ic le  can be computed. 
L e t  R = l una r  r ad ius  = 1.74 x l o8  c m  
L e t  g = lunar  g r a v i t a t i o n a l  a c c e l e r a t i o n  = 1.62 x 102cm/sec2. 
Then t h e  c i r cumfe ren t i a l  d i s t ance  5 from t h e  p o i n t  o f  depa r tu re  
t o  t h e  po in t  of secondary impact i s  given by: 63) 
Equation (5.20) se rves  t o  de f ine  the d i s t ance  from p o i n t  of de- 
p a r t u r e  t o  po in t  of secondary impact. Correct ing for t h e  d i s -  
placement of  a p a r t i c l e  wi th in  t h e  crater before  it is  e j ec t ed ,  
t h e  t o t a l  d i s t ance  from t h e  po in t  of  primary impact t o  the p o i n t  
f o  secondary impact i s  given by: 
- 
(5.21) D = D + r c o s C  
The express ion  f o r  5 i n  (5.20) is  mathematically sound, but 
computationally i n t r a c t a b l e  f o r  s m a l l  values of 5. 
t h e  power - series f o r  a r c  tangent  is  r a p i d l y  convergent f o r  
s m a l j :  D, i .e . ,  small  v (x , r )  . w e  replace 
tan-  (6) with  cp i t s e l f .  
For tuna te ly ,  
Thus f o r  @ < 
The flow c h a r t  o f  the r a d i a l  d i s t r i b u t i o n  output  r o u t i n e  i s  shown 
i n  Figure 5.6. The reg ion  around the  crater is  d iv ided  up i n t o  
35 r i n g - l i k e  reg ions .  The f i r s t  30 are p ropor t iona l  t o  t h e  
c ra te r  r a d i u s ,  t h e  l a s t  f i v e  are f i x e d  a t  1 km, 1 0  km, 100 km, 
1000 km and 1740 7 km, t h e  l a s t  f i g u r e  being t h e  luna r  s e m i -  
circumference.  For each of  t h e s e  r i n g s  t h e r e  is  a burden t a b l e  
w i t h  e n t r i e s  for t h e  amount i n  each s i z e  f r a c t i o n .  
The p a g r a m  i n i t i a l l y  sets these  burden e n t r i e s  t o  zero, computes 
t h e  r i n g  r a d i i ,  and computes the cons tan t  of  p r o p o r t i o n a l i t y ,  
C ( r ) ,  (see 5.15),  for  each hemispherical  s h e l l .  Then, i n t e g r a t i n g  
over  t he  e n t i r e  crater ,  f o r  each s i z e  f r a c t i o n  a t  each location, 
t h e  t r a j e c t o r y ,  hence landing p o i n t  i s  computed. Then t h e  volume 
of material  i n  t h a t  s i z e  f r a c t i o n  i s  added t o  t h e  c u r r e n t  e n t r y  
i n  t h e  burden table.  When the tab le  i s  complete it is p r i n t e d  
- 25 - 
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T n i t i a l i z e  the Radial  Burden 
table t o  zero. 
S e t  up table  of annular  r i n g s  




Compute a t a b l e  of t h e  propor- 
t i o n a l i t y  cons tan t ,  c (r)  . 
~~ J 
RADIAL DISTRIBUTION OUTPUT SUBPROGRAM 
For each s i z e  f r a c t i o n  of t h e  ejecta, 
1. Compute the  t r a j e c t o r y .  
2.  Find t h e  annular  r i n g  
i n  which t h e  material 
would f a l l .  
3. Add the volume t o  the 
Radial  Burden Table. 
E x i t  when f in i shed .  
I p r i n t  o u t  t h e  Radial  Burden I Table . 
Figure 5.6 
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o u t ,  along wi th  volume t o t a l s  f o r  each r i n g  and estimated depths ,  
based on a packing d e n s i t y  of 50 pe rcen t  s o l i d s ,  50 pe rcen t  voids. 
The program was run for  impact ene rg ie s  f r o m  10' t o  lo2' ergs 
wi th  s o m e  experimentation with t h e  parameters.  The p a r t i t i o n  
func t ion ,  w(x) ,  was set equal  t o  1 ( p a r t i t i o n  on volumes) and 
to  l/x ( p a r t i t i o n  on su r face  a r e a ) .  The su r face  area p a r t i t i o n  
seemed more p l a u s i b l e ,  and a l l  la ter  computations w e r e  performed 
wi th  t h a t  funct ion.  
The output  f o r  four  t y p i c a l  impacts, 
e r g s  i s  reproduced i n  Appendix A. There i s  a column for each 
r i n g .  I n  every case r i n g  N o .  1 i s  t h e  crater i t s e l f .  For 
r e f e r e n c e ,  t h e  l e f t  hand column on each page t a b u l a t e s  the 
c h a r a c t e r i s t i c  diameters ,  i n  cm. The values  shown i n  t h e  table 
and lo1* 
are volumes of m a t e r i a l  i n  c m  3 . 
The r e s u l t s  show t h a t  smaller craters are simply scoured o u t ,  
a l l  o f  t h e  e jecta  f a l l i n g  a t  least  130 crater r a d i i  away from 
t h  p o i n t  of impact. The f i n e s  t r a v e l  l a r g e  d i s t ances .  I n  a 
l o f o  erg sho t ,  f o r  example, the crater  r ad ius  i s  1.6515 c m .  and 
4.88 percent  of t h e  e j e c t a  t r a v e l s  more than 10 km. A l l  of t h i s  
material  is  f i n e r  than 4 x c m .  I n  t h e  l a r g e r  craters 
m a t e r i a l  i n  t h e  l a r g e s t  s i z e  f r a c t i o n s  begins .to appear close 
i n ,  and i n  the  l a r g e s t  c r a t e r s ,  t h e r e  would be blocks of material 
i n s i d e  t h e  crater. 
Our s tudy i n d i c a t e s  t h a t  c r a t e r s  cannot be sca led .  Small craters 
w i l l  have a c l ean  p r o f i l e .  Around and i n s i d e  the  large c r a t e r s  
t h e r e  w i l l  be l a r g e  blocks of m a t e r i a l .  Of course,  i n  t i m e  t h e  
l a r g e  blocks w i l l  become eroded. 
Computation of  t h e  number o f  p a r t i c l e s  e j e c t e d  a t  t h e  va r ious  
energy l e v e l s  i s  made by another "OUTPUT" subprogram s imi l a r  t o  
t h e  one j u s t  descr ibed  f o r  r a d i a l  d i s t r i b u t i o n s .  I n  t h i s  case, 
t h e  angle  o f  depa r tu re  p l ays  no ro le ,  only t h e  k i n e t i c  energy 
of each pa r t i c l e  i s  needed. Hence, i t  i s  unnecessary t o  sum 
t h e  c a l c u l a t i o n s  numerically over t he  polar angle.  
From equat ion  (5.18),  t h e  k i n e t i c  energy per  u n i t  volume of 
m a t e r i a l  of diameter ft is: 
A 3  
Hence, for  one such p a r t i c l e ,  having a volume x i  , the .  ejected 
pa r t i c l e  w i l l  have an energy of: 
- 2 7 ' -  
The number of such particles in the hemispherical shell of 
radius r will be 
where Vs(r) is the total volume of the hemispherical shell at 
radius r . If (5.24) is summed over the entire crater for those 
particles for which (5.23) yield approximately the same energy 
level, the result is a count of the number of particles ejected 
at that energy level. 
Computationqlly a table is set up for energy classes of 1 erg, 
10 ergs, 10 ergs, - - -  , 10 ergs. For each hemispherical 
shell and each size class, (5.23) and (5.24) are evaluated, 
(5.23) is used to add the figure given in (5.24) to the appro- 
priate table entry. The result is a table giving the number 
of secondary particles in each energy class arising from one 
primary impact of energy E P' 
This table is printed out and also punched into cards for later 
use in studying secon ary cr ering. The program was run for 
primary impacts of 10 to 10" ergs. As was pointed out earlier, 
computational difficulties arise outside the range. 
The results of this computation are shown graphically in 
Figure 5.7. 
To obtain information on secondary cratering, the results shown 
in Figure 5.7 were extrapolated to form a 24 by 24 matrix 
A = (aij) where ai 
resulting from an Impact of energy class j, where energy class i 
is nominally 101-1 ergs. 
= number of particles of energy class i 
) be a 24 element vector where vo is the number 
of energy class J per unit $he. Then, 
24 
is the total number of secondary particles of class i per unit 
time. Rewriting in vector-matrix notation, 
(5.26) Vi = A Vo 
- 28 - 
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g ives  the t o t a l  secondary i n f a l l  r a t e .  
secondary i n f a l l  g i v e s  
Combining primary and 
(5.27) V, + Vi = A V, + Vo 
T e r t i a r y  i n f a l l  w i l l  be given by: 
2 (5.28) V2 = A V i  = A Vo 
Extending t h i s ,  i t  is  clear t h a t  t h e  t o t a l  i n f a l l  per u n i t  t i m e  
w i l l  be: 
(5.29) V = V, + A V, + A 2 V, + A 3 Vo + ----- 
co 
Conservat ion of energy d i c t a t e s  t h a t  the mat r ix  A w i l l  be nil- 
po ten t .  Hence (5.29) cannot have more than  2 4  t e r m s  and there is  
no ques t ion  of convergence. TO s o l v e  f o r  v, 




(5.31) (I-A)-’ = ( I  A + A2 
Hence 
-1 
(5.32) Vm = ( I - A )  Vo 
3 A + ---) 
( I - A )  i s  a t r i a n g u l a r  matrix of determinant  3= 1. 
ex i s t s .  
Hence (I-A)-’ 
A small prcgram W ~ E  ~ r i t t e f i  to read i n  t h e  mat r ix  A from cards 
punched by t h e  p rev ious ly  d iscussed  program, compute ( I -A) -L ,  
read i n  a vec to r  v f o r  primary i n f a l l ,  compute Vm 
it o u t .  
Primary par t ic le  veloci t ies  were ass igned  a nominal v e l o c i t y  
of 20 km/sec. t o  o b t a i n  these rates. 
This  w a s  sone far two sources  of primary i n f a l l  
m 
i 
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The r e s u l t  i n  both cases was t h a t  -tf $Vo. 
i n f a l l  c o n s t i t u t e s  a t  least  (1-10 of t h e  t o t a l  i n f a l l .  As a 
consequence of t h i s ,  t h e  only i n f a l l  considered a f te r  t h i s  i s  
t h e  primary i n f a l l .  
That is ,  primary 
The process  of  secondary comminution was considered. By t h e  
t e r m  secondary comminution i s  meant t he  breakup of  rocks upon 
landing. The primary event  i s  the comminution t h a t  takes p l a c e  
i n  t h e  primary crater .  From t h i s  crater  rock fragments a r e  
thrown o u t  a t  var ious  speeds and land on t h e  luna r  sur face .  
Upon landing t h e s e  rocks may break up i n t o  smaller particles. 
It has  been shown by Karpinski(3) ,  e t .  a l . ,  t h a t  s o l i d  p a r t i c l e s  
impacting on a 
der ived  by Meloy . The parameter z i s  d i r e c t l y  p ropor t iona l  
t o  t h e  k i n e t i c  energy of t h e  p a r t i c l e  urthermore, it has 
been es t imated  by Meloy and Bergstrom 'cloy t h a t  z v a r i e s  as t h e  
one-fourth power of t h e  s i z e  of the pa r t i c l e  for  a given energy 
dens i ty .  Thus, t o  compute t h e  amount of comminution t h a t  occurs  
f o r  a p a r t i c l e  one need only know i t s  k i n e t i c  energy and i t s  
s i z e  t o  compute t h e  amount of break up. 
su r f ace  break up according t o  t h e  equat ion  
I n  t h e  c r a t e r i n g  model the  s i z e  d i s t r i b u t i o n  and v e l o c i t y  dis-  
t r i b u t i o n  of par t ic les  i s  computed such t h a t  t h e  degree of 
secondary comminution could r e a d i l y  be computed. However, t h e  
hardness  of the  lunar  su r face  v a r i e s  w i t h  t i m e  and.an ad jus t -  
ment must con t inua l ly  be made. S ince  pre l iminary  estimates 
ind ica t ed  t h a t  t h e  e f f ec t  of the secondary comminution would 
be s m a l l  t h i s  process  w a s  n o t  incorpora ted  i n  the f i n a l  program 
because t h e  amount of computation needed would inc rease  the 
program running t i m e  due t o  the  changing th i ckness  of  the luna r  
d u s t  l a y e r .  The effect  of t h i s  assumption w a s  t o  inc rease  t h e  
roughness estimate of t he  lunar  s u r f a c e  i n  the l a r g e r  par t ic le  
s izes .  
I n  the c r a t e r i n g  model there is  an inherent  con t r ad ic t ion  t h a t  
our  c r a t e r i n g  s c a l i n g  l a w  has  turned  up. I f  one assumes the 
comminution s t o p s  a t  a given energy l e v e l  and tha t  the  amount 
of e jecta  from a crater i s  d i r e c t l y  p ropor t iona l  t o  t h e  energy 
of  the impacting body then one i s  faced wi th  t h e  following para- 
dox. There is  a l o w e r  s i z e  l i m i t  beyond which the energy d e n s i t y  
a t  t h e  edge of  the crater w i l l  n o t  be s u f f i c i e n t  t o  comminute 
material. I n  o t h e r  words,  a t  a r a d i u s  less than  t h a t  of the 
s top because t h e  energy i n  the compressive wave is  less than  
tha t  r equ i r ed  t o  break t h e  ma te r i a l .  This paradox occurs  be- 
cause  t h e  energy i n  the wave f a l l s  o f f  as t h e  square of the 
r a d i u s  while  the e j e c t a  i s  p ropor t iona l  t o  t h e  cube of t h e  rad ius .  
c r a t e r  size nvnd p+pJ by energy-scaling-law ~ n m m i n i ~ t i o n  w i l l  Jf- --*- --- 
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W e  have no explana t ion  f o r  t h i s  paradox. It s e e m s  phys i ca l ly  
sound t o  assume comminution s tops  when the  energy d e n s i t y  i n  
the compressive e l a s t i c  wave reaches a given value,  This  is 
t r u e  experimental ly  and has  a sound t h e o r e t i c a l  basis, The 
c ra te r -s ize- law has been e s t a b l i s h e d  over a w i d e  v a r i e t y  of 
s i z e s  empi r i ca l ly .  T h i s  is one area which bears f u r t h e r  i n -  
v e s t i g a t i o n .  
0 
our s tudy also shows t h e  p a t t e r n  of e jecta  d i s t r i b u t i o n  around 
craters cannot be sca led .  Small craters w i l l  be s w e p t  cle'an 
and t h e  e j e c t a  w i l l  land many diameters  away. Large craters 
w i l l  have much of the  l a r g e r  fragments on or near  the crater 
r i m .  This  means t h e  landing near t h e  edge of a r e l a t i v e l y  
young large crater would be more dangerous. I n  older craters 
t h e  d e b r i s  would be eroded away and would not be as rough. 
Landing near s m a l l  craters,  new or o l d ,  would not  be dangerous 
f o r  t h e  material  would be thrown too far t o  appreciably in-  
crease the su r face  roughness. 
I 
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SECTION VI 
The Roughness Estimate 
This section describes a computation, based upon the preceding 
hard rock crater work, designed to estimate the depth and compo- 
sition of the lunar dust layer. It is assumed throughout this 
computation that a given current infall'estimate is valid 
throughout the entire lunar lifetime and that impacting is the 
only mechanism affecting the lunar surface. The method to be 
described could be altered to handle variable infall rates if 
they were slow, long term changes. It would also be possible 
to include vulcanism if estimates of the degree of volcanic 
activity were available. Tsctonic action must be ignored for 
the present. 
The method is based upon a matrix whose elements are the tran- 
sitional probabilities that lunar material in one classification 
at time will end up in some other classification at the end of 
some time interval fl t. By multiplying a vector giving the 
amount of material in each class at time t by this matrix, the 
resulting vector is the amount of material in each class at time 
t + A t. If the conditions affecting the transitional prob- 
abilities do not change, a computational advantage may be gained 
by raising the matrix to a power, enabling the computer to take 
many time increments in a single step, 
l 
Figure 6.1 








The lunar  su r face  i s  d iv ided  i n t o  four  l a y e r s .  The f i r s t  is  
t h e  l a y e r  of d u s t  and d e b r i s  on t h e  su r face .  L e t  i t  have a 
depth = dl. The hard  rock s u b s t r a t e  i s  d iv ided  a t  t h r e e  depths ,  
d2 ,  d3, and d4. (See Figure 6 .1 ) .  Within t h e  dus t  l a y e r  t h e  
material i s  broken down i n t o  17 s i z e  classes: 
c m ,  c m ,  ... , lo3 c m .  Mater ia l  can e n t e r  any of t h e s e  s i z e  
classes from any l a r g e r  s i z e  c l a s s e s  o r  t h e  s u b s t r a t e  l a y e r s ,  
Material can leave  a class t o  any smaller class. 
Consider one square meter of lunar  su r face .  L e t  Vo-, J = 1,2 
be the amount of m a t e r i a l  i n  each of the classes. zet a i J  be  
the t r a n s i t i o n a l  p r o b a b i l i t y  of m a t e r i a l  l eav ing  class j and 
e n t e r i n g  c l a s s  i p e r  u n i t  time. Then a t  t h e  end of  one t i m e  
u n i t  t h e r e  w i l l  be: 
(6.1) v l j  = Y a i j  voj  
c m ,  ~ ~ l % x l O - ~  
20 
j gl 
cm3 of material  i n  class. 
It remains only t o  c a l c u l a t e  t he  mat r ix  (a ) .  
W e  s t a r t  wi th  t h e  rubble  i n  the t o p  l a y e r .  L e t  t h i s  l a y e r  have 
depth d . 
p r o b a b i f i t y  t h a t  t h i s  p a r t i c l e  i s  a t  the t o p  of the l a y e r ' s 0  
tha t  i t  has an exposed sur face .  (we r e a l i z e  t h a t  f o r  t h i n  l a y e r s  
t h i s  q u a n t i t y  could be g r e a t e r  than 1, but  i n  such a case t h e  
pat t ic le  w i l l  be exposing much more than a s i n g l e  f ace  g r e a t l y  
i n c r e a s i n g  i t s  ra te  of e ros ion ) .  L e t  x J 2  be the  exposed s u r f a c e  
area. Then if a n  impact takes  place i n s i d e  t h e  given square 
m e t e r ,  t h e  p r o b a b i l i t y  t h a t  the  given par t ic le  i s s t r u c k  w i l l  be: 
i J  
Consider a p a r t i c l e  of diameter xj. L e t  x3/dl be the 
2 
X j  . x,i , assuming x and d l  i n  cm. 3 -
(6.2) 
d l '  l o 4  
For convenience and because of d i f f i c u l t i e s  w i th  the crater pro- 
gram, a l l  impacts a r e  assumed t o  take lace a t  one of the 16 
discreet energies:  
be the number or' inpzcts of enermyi  r l a s s  L per square meter per 
u n i t  time. 
u n i t  t h e  which a given xj p a r t i c l e  w i l l  undergo w i l l  be: 
l o 5 ,  lo6 ,  ... , 1 8 0  e rgs .  L e t  3 ,  A =  1, 10 
?X - - - - - -  
Then, the number of impacts of energy class e per 
3 
d l  10 
(6.3) 
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Suppose there are VoJ c m 3  of ma te r i a l  of s i x e  x 
Then t h e  number of such p a r t i c l e s  i s  VOj/x.3. 
pa r t i c l e  counts by t h e  p r o b a b i l i t y  t h a t  ea&h is  s t r u c k  by a 
class  3 p r o j e c t i l e ,  t h e  expected number of  craters is: 
i n  the l aye r .  
Aul t ip ly ing  the 
L e t  vc 
L e t  D M ( X i , a )  be t h e  r e l a t i v e  amount of  m a t e r i a l  breaking i n t o  
s i z e  class xi from an impact of energy class a. 
class  impact occurs ,  it w i l l  generate:  
be t h e  volume of  e j e c t a  from a crater of e n e r g y c l a s s t .  4 
Then, i f  a 
(6.5) V ~ . D M ( ~ ~ , A )  cm3 of new m a t e r i a l  i n  s i z e  class xi. 
Combining (6.5) wi th  (6.4), w e  g e t  t he  expected amount of material  
breaking ou t  of s i z e  j and i n t o  s i z e  i due t o  impacts of 
class $: 
W e  make t h e  assumption a t  t h i s  po in t  t h a t  p a r t i c l e s  are eroded 
only by involvement i n  c r a t e r s  s m a l l e r  than t h e  p a r t i c l e  i t s e l f .  
O f  course  t h i s  i s  not t r u e ,  but,  except i n  the f i n e s t  s i z e s ,  
t h e  p r o b a b i l i t y  of a p a r t i c l e  beinginvolved i n  a crater l a r g e r  
than i t  i s  much less than  the  p r o b a b i l i t y  of i t s  being eroded by 
smaller craters.  This assumption makes t h e  hard rock crater 
model app l i cab le .  The magnitude of t h e  error due t o  t h i s  
assumption i s  s m a l l  for a l l  but t h e  smallest s ize  ranges.  I n  
any even t ,  it w i l l  cause an  apparent ly  rougher s i z e  d i s t r i b u t i o n  
than  a c t u a l l y  e x i s t s .  
On t h i s  basis ,  w e  sum expression (6.6) over  those  energy classes 
f o r  which t h e  assumption above holds  obtaining:  
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a .  - i s  the  sought -af te r  t r a n s i t i o n a l  p r o b a b i l i t y  f o r  ma te r i a l  11 0 i n  s i z e  j breaking i n t o  s i z e  i. 
Rela t ion  (6.7) makes sense o n l y  f o r  rocks i n  t he  upper l aye r .  
Some account must be made of the m a t e r i a l  breaking out of t h e  
s u b s t r a t e  l a y e r s .  The upper l aye r s  w i l l  tend t o  p r o t e c t  t h e  
lower l a y e r s .  (See Figure 6 . 2 ) .  Only an impact l a r g e r  than 
a c e r t a i n  threshold  value w i l l  have s u f f i c i e n t  energy t o  pene- 
t r a t e  t he  p r o t e c t i v e  d u s t  l aye r s .  I f  such an impact does take  
F igu re  6.2 
p l a c e ,  the  volume of ma te r i a l  knocked out w i l l  be t h a t  p a r t  of 
the  c r a t e r  which i s  not  deeper than the  depth of t h e  bottom of 
the  l a y e r ,  diminished by the  volume a l ready  accounted f o r  i n  
preceding l a y e r s .  Let 
(6.8) VCb(k) = volume of m a t e r i a l  involved from s u b s t r a t e  
l a y e r  k i n  a c r a t e r  of c l a s s  $, assuming 
t h a t  layer  k is  h i t .  
Suppose, as b e f o r e , . t h a t  t he re  are fih liiipacts per u n i t  t h e  E-' 
square meter of energy c l a s s j .  
process:  
Then, these  impacts w i l l  
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(6.9) k = 2,3,4 
c m 3  of m a t e r i a l  from t h e  k l a y e r .  The uneroded volume of 
t h e  k l a y e r  w i l l  be: 
(6.10) lo4'  (dk-dk-1) k = 2,3,4 
Hence, the f r a c t i o n  of k-layer m a t e r i a l  t h a t  is  involved i n  
c l a s s 3  impacts is: 
I n  time, t h e  k-layer w i l l  become eroded. Nevertheless ,  w e  
assume t h a t  (6.11) is  s t i l l  the p r o b a b i l i t y  t h a t  one cm3 of 
k-layer  m a t e r i a l  w i l l  be s t ruck  by an$-impact. 
I f  some k- layer  material i s  impacted a t  class 3, then t h e  f r ac -  
t i o n  of t h e  m a t e r i a l  breaking i n t o  s i z e  x i  w i l l  be DM(Xi ,L , )  as 
before .  (See 6 .5) .  Then, summing over t h e  energy classes l a r g e  
enough t o  s t r i k e  t h e  k- layer ,  w e  obtain:  
which i s  t h e  t r a n s i t i o n a l  p r o b a b i l i t y  of m a t e r i a l  i n  l a y e r  k 
e n t e r i n g  s i ze  c l a s s  x i .  
Combining (6.12) and (6.7), a square mat r ix  A = (a ) can be 
cons t ruc t ed  g iv ing  a l l  the  required p r o b a b i l i t i e s .  iJThe d iagonal  
elements a r e  j u s t :  
j -1 - 
= 1 - j a i j  (6.13) a i j  
i=i 
The computation i s  a s  follows: 
1 




I f  V 
t ,  tgen  t h e  amounts a f t e r  time A t w i l l  be: 
= (voj) i s  t h e  amount of material i n  each c l a s s  a t  t i m e  
A f t e r  n t i m e  i n t e r v a l s ,  t h e  amounts w i l l  be: 
(6.15) = An vo 
assuming A i s  independent of t i m e .  Since A i s  dependent on t h e  
depth of the las t  l a y e r  d,  (6.15) cannot be used wi th  impunity 
un le s s  A is  p e r i o d i c a l l y  r eca l cu la t ed .  
When t h i s  was programmed, w e  had very l i t t l e  idea  of what t o  ex- 
p e c t  i n  t h e  behavior of A with t i m e .  As a r e s u l t ,  a program w a s  
w r i t t e n  which permi t ted  in spec t ion  of  t h e  dus t  l a y e r  depth whi le  
t h e  problem w a s  on t h e  computer. 
was p o s s i b l e  t o  recompute A a t  any p o i n t ,  o r  square t h e  c u r r e n t  
mat r ix  being used, o r  simply l e t  t h e  program keep i t e r a t i n g  on 
equat ion  (6.15). 
The program was run us ing  Hawkins i n f a l l  da t a ,  a nominal 
p r o j e c t i l e  v e l o c i t y  of 2 0  km/sec., and a b a s i c  t i m e  increment 
of 1000 years .  The i n i t i a l  vector  of m t e r i a l  assumed a bare 
s u r f a c e ,  no broken m a t e r i a l ,  the  s u b s t r a t e  layers being assumed 
f u l l .  
l a y e r  has  zero  th ickness .  
By manipulating switches it 
The program sets t r a n s i t i o n a l  probabili t ies t o  zero  i f  t h e  
A f t e r  1 i t e r a t i o n  therewere1 .058  c m s  o f  dus t .  The matr ix  was 
then recomputed. This t i m e ,  a t  t h e  end of the second i t e r a t i o n  
w e  had 1.070 crns of dus t .  This mat r ix  was kept  f o r  a while ,  
General ly  speaking, we t r ied  t o  compute a n e w  matr ix  before  
the d u s t  l a y e r  grew t o  more than 1 2 5  percent  of t he  depth a t  
which the f i r s t  matr ix  was computed. 
The depth grew r a p i d l y  a t  f i r s t ,  slowing i t s  growth wi th  t i m e  
as may be seen i n  F i g u r e  6 . 3 .  
recomputed every 10-15 i t e r a t i o n s .  
t a k e  advantage of matr ix  powers and move i n  l a r g e r  t i m e  s t eps .  
~ o w a r d  the end of t he  c a l c u l a t i o n ,  we were i ~ s i n g  the 8192th power 
of t h e  matr ix ,  
A t  f irst  the matr ix  had t o  be 
Later  it was p o s s i b l e  t o  
Because the matr ix  w a s  recomputed p e r i o d i c a l l y  due t o  inc reas ing  
d u s t  l a y e r  t h i ckness  t h e r e  i s  a s c a t t e r  i n  t h e  da ta .  Two cal- 
c u l a t i o n s  made f o r  the same length  of t i m e ,  one us ing  a matr ix  






based on d u s t  l aye r  depth of 1.OMandanother on a d u s t  l a y e r  
depth of  1.25 M w i l l  y i e l d  d i f f e r e n t  answers  f o r  m a s s  of material 
i n  each s i z e  range. These v a r i a t i o n s  are minor bu t  when one 
i s  used t o  smooth curves from computational d a t a  t h e s e  v a r i a t i o n s  
a t  f i r s t  appear as errors. 
F igure  6.4 i s  a log-log p l o t  of t h e  d a t a  t h a t  appears  i n  
Figure 6.3. The middle curve, l abe led  Hawkins' d a t a ,  is a plot  
of t h e  depth of t h e  luna r  dus t  l a y e r  vs .  t i m e  u s ing  e l a t e s t  
a v a i l a b l e  meteoric  i n f a l l  da t a  s p e c i f i e d  by Hawkins (". The 
o n e - f i f t h  Hawkins d a t a  and f i v e  Hawkins d a t a  are, r e s p e c t i v e l y ,  
i n  depths  of lunar  d u s t  based on o n e - f i f t h  Hawkins i n f a l l  d a t a  
Our estimate of t h r e e  meters deep i s  
7 1 2  1 es t imate  of 0.12 t o  0.7 m e t e r  depth.  
and f i v e  t i m e s  h i s  d a t  
d i f f e r e n t  from or rok ' s  
However, us ing  o n e - f i f t h  Hawkins d a t a  b r ings  t h e  dep th  down t o  
one meter th ickness .  W e  be l i eve  t h i s  v a r i a t i o n  is due p r i m a r i l y  
t o  d i f f e r e n c e s  i n  t h e  i n f a l l  ra te  and t o  a lesser e x t e n t  on a 
computational method. 
Our method, us ing  t r a n s i t i o n a l  mat r ices ,  which are re-evaluated 
f o r  i nc reas ing  d u s t  depths ,  g iv ing  a running account of t h e  
s t a t u s  of not only t h e  d u s t  b u t  t h e  s u b s t r a t e  and the s i z e  d i s -  
t r i b u t i o n  of  m a t e r i a l .  Consequently, a t e n  m e t e r  block c r e a t e d  
i n  one per iod  i s  kept  t r a c k  of u n t i l  it erodes away t o  nothing 
throughout t h e  rest of t h e  h i s t o r y  of t h e  luna r  su r face .  This  
dynamic bookkeeping approach for t h e  account ing of every block 
formed should g ive  t h e  reasonably c l o s e  approximation o f ' t h e  
luna r  s u r f a c e  if t h e  i n f a l l  d a t a  and c r a t e r  behavior mechanics 
are c o r r e c t .  
F igure  6.5 i s  a p l o t  of the cumulative mass f r a c t i o n  of material 
f i n e r  than s i z e  x vs .  s i z e  x. T h i s  p l o t  shows t h a t  80 per- 
cen t  of t he  m a t e r i a l  i s  less than 180 microns, 50 pe rcen t  of 
t h e  m a t e r i a l  i s  less t h a n  40 microns and 10 p e r c e n t  of t h e  
m a t e r i a l  i s  smal le r  than 1 .6  microns; 99.9 pe rcen t  of  the 
m a t e r i a l  i s  smal le r  than 1 m i l l i m e t e r .  T h i s  means t h a t  t h e  
s u r f a c e  o f t h  moon i s  covered wi th  a f i n e  powder, I f  i t  i s  
assumed t h a t  t h e  powder packs t o  40 percent  s o l i d s  then t h e  
depth  of the l a y e r  would be approximately 2 5  f e e t .  
of depth appearing i n  Figures  6.4 and 6.5 and i n  t h e  computation 
are depths  i n  t e r m s  of s o l i d  rock. 
of t h e  s o l i d  rock by the dens i ty  of t h e  powder t o  ob ta in  t h e  
dep th  of t h e  d u s t  l a y e r .  
T h e  a c t u a l  s i z e  d i s t r i b u t i o n  o r  f ineness  of the  powder does not  
change apprec iab ly  w i t h  time. 
t i o n  of mass f i n e r  t han  t h e  i n d i c a t e d  s i z e  vs. t i m e  i n  yea r s ,  
Looking now a t  t h e  0.001 cent imeter  curve,  one can see t h a t  t h e  
p e r c e n t  of m a t e r i a l  f i n e r  than t h i s  fa l l s  from abott 37 percent  
down t o  about 31 pe rcen t  and s t a y s  cons tan t  f o r  t h e  rest of t h e  
l u n a r  h i s t o r y ,  The o t h e r  curves a r e  similar. Thus, t h e  f ineness  
All e s t i m a t e s  
Thus, one d i v i d e s  t h e  depth 
Figure 6.6 i s  a plot of  t h e  f r a c -  
I 
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of t h e  powder i s  n o t  a f f e c t e d  by t h e  age assumed f o r  t h e  f e a t u r e  
cjr the  meteoric boirhazdrrrent r a t e .  
i s  s e n s i t i v e  t o  bo th  t h e  i n f a l l  ra te  2nd t h e  age. 
The depth  on t h e  other hand 
I. 
The p r o b a b i l i t y  of being  bothered by o r  s e e i n g  l a r g e  b locks  of 
mater ia l  i s  r e l l - i v e l y '  low. 
are  3 . 2  times lo'* t e n  xeter blocks p e r  squa re  k i l o n e t e r .  
one meter block s i z e  rznge  t h e r e  is one per square  k i l o n e t e r .  
t h e  one f o o t  s i z e  range  (32 cen t ime te r s ] ,  t h e r e  are 4 0  s q x z e  
k i lome te r s .  
g e n t l e  mounds. I t  S ~ O L - . - ~ .  be poin ted  o u t  t h a t  t h e  blocks w i l i  r-ot 
s t a n d  s t r a i g h t  up and cast sharp sSedows. There w i l l  be a p rocess  
whereby d u s t  p a r t i c l e s  d r i f t  over t h e  block b l u r r i n g  i t s  o u t l i n e .  
Therefore ,  a ~ y  block should be looked f o r  as an unexplained xound. 
A t  t he  r e s o l u t i o n  of t h e  Ranger s h o t s  it Is very  un l ike ly  t h a t  any 
material i n  it w i l l  be  due t o  s o l i d  rock chunks. 
nx..l;er of p a r t i c l e s  i n  t h e  3 and 1 cen t ime te r  s i z e  range. 
e v e r ,  t h e s e  c o n s t i t u t e  a ve ry  small  f r a c t i o n  of t h e  su r face .  
A t  t h e  end o f  a b i l l i o n  y e a r s  t h e r e  
I n  t h e  
I n  
These b locks  would be badly erozed and woulc &?>ez.;' BS 
There are a 
How- 
- 4 4  - 
-. 
SECTION V I 1  
Discussion 
The work i n  t h i s  s tudy f a l l s  i n t o  t h r e e  p a r t s :  energy decay 
law, c r a t e r i n g  and t h e  lunar  s u r f a c e  roughness. I n  each 
p a r t  t h e  a n a l y s i s  w a s  done and then the r e s u l t s  w e r e  pro- 
grammed. The i n d i v i d u a l  programs w e r e  assembled i n t o  a n  
o v e r a l l  program which could compute the  lunar  s u r f a c e  rough- 
nes s ,  given the  i n i t i a l  su r f ace  roughness, t h e  i n f a l l  curve and 
t h e  s i z e  d i s t r i b u t i o n  d a t a  from the  c r a t e r  s t u d i e s .  The over- 
a l l  program was r u n  once. It was assumed t h a t  t h e  
s u r f a c e  was composed of s o l i d  rock and t h a t  Hawkins 
d a t a  was t h e  b e s t  e s t ima te  of t h e  meteoric  bombardment r a t e .  
The r e s u l t s  of t h i s  s i n g l e  run a r e  t h e  d a t a  presented .  
W:::all 
Hawkins'l) i n f a l l  d a t a  was used because it was t h e  best a v a i l -  
ab le (13) .  The au tho r s  a r e  not  e x p e r t s  on i n f a l l  and thus  they 
f e l t  t h a t  it would be best t o  accept  t h e  d a t a  of e x p e r t s  i n  
t h e  f i e l d .  Furthermore, t h e  program was w r i t t e n  so t h a t  a t  
o b j e c t  t i m e  t h e  i n f a l l  d a t a  is fed  t o  t h e  program. Thus, a 
wide v a r i e t y  of i n f a l l  curvsmay be used by running t h e  program 
f o r  each i n f a l l  curve.  
Energy Decay 
The energy decay law i s  c e n t r a l  t o  t h i s  ana lys i s .  To p r e d i c t  
t h e  s i z e  d i s t r i b u t i o n  of t h e  e j e c t a  i n  a c r a t e r  t h e  s t r e n g t h  
of t h e  energy wave must be known a s  a func t ion  of p o s i t i o n  i n  
t h e  c r a t e r .  I n  c l a s s i c a l  comminution, t h e  amount of s h a t t e r i n g  
has  been found, theore t ica l ly  and experimental ly ,  t o  be d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  energy s to red  i n  t h e  c r y s t a l  l a t t i c e  j u s t  
b e f o r e  fragmentation. A s  t h e  energy wave moves o u t  from t h e  
c e n t e r  of impact, t h e  s t r e n g t h  of t h e  wave i s  a t t e n u a t e d  by 
t h e  inc reas ing  a r e a  t h a t  it passes  through a s  w e l l  a s  by the  
work t h a t  i t  does i n  comminuting t h e  m a t e r i a l  t h a t  i t  passes  
through.  Thus a f r a c t i o n  of  t h e  energy of t h e  wave as it  
p a s s e s  th rough-a  volume of ma te r i a l  i s  l e f t  behind a s  new s u r -  
f a c e  area, k i n e t i c  energy and thermal energy. The law t h a t  w a s  
f i n a l l y  used s a i d  i n  essence t h a t  t h e  amount of  energy l e f t  i n  
t h e  incremental  vsli~me was directly proportional to the energy 
i n  t h e  wave. P r i o r  t o  accept ing t h e  l a w  a number of empi r i ca l  
l a w s  were t r i e d  and found unsa t i s f ac to ry .  
The law a s  now der ived  assumes t h a t  t he  m a t e r i a l  i s  homogeneous 
o r  c o n t a i n s  homogeneous he t e rogene i t i e s .  By t h e  l a t t e r  is 
meant t h a t  c racks  o r  g r a i n s  a re  s u f f i c i e n t l y  numerous 'and evenly 
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d i s t r i b u t e d  t h a t  t h e  rock may be t r e a t e d  as a homogeneous sub- 
s tance .  For l a r g e r  c r a t e r s  one would have t o  assume t h a t  t h e  
m a t e r i a l  contained major cracks which w e r e  no t  randomly d i s -  
t r  ibu ted .  
When medium s i z e  me teo r i t e s  c o l l i d e  wi th  t h e  dus t  l aye r  t h e r e  
i s  a d i s c o n t i n u t i y  a t  t h e  i n t e r f a c e  between t h e  dus t  l a y e r  and 
t h e  underlying rock. This shows up i n  d i f f e r e n t  m a t e r i a l  
s t r e n g t h ,  d e n s i t y  and propagation c h a r a c t e r i s t i c s .  This prob- 
l e m  was not  considered i n  our a n a l y s i s .  
Once a reasonable  energy decay law was e s t a b l i s h e d ,  t h e  a n a l y s i s  
of t h e  c r a t e r i n g  process  began. 
they be chemical o r  meteoric ,  have a diameter t o  depth r a t io  of 
four  t o  one. N o  simple explanat ion of t h i s  r a t i o  was found. 
The r a t i o  was accepted f a c t .  
C r a t e r s  h i s t o r i c a l l y ,  whether 
Cra t e r  i n q  
Having assumed t h e  shape and der ived an energy decay law, it 
was p o s s i b l e  then t o  compute the s i z e  d i s t r i b u t i o n  of t h e  ejecta 
fragments from t h e  c r a t e r .  This was done i n  a s t r a igh t fo rward  
manner as .descr ibed i n  Sect ion V. 
The shape of t h e  s i z e  d i s t r  t i o n  of t h e  e j e c t a  fragments is  
s i m i l a r  t o  those  t h a t  Gaulti’y found experimental ly .  I t ‘ w a s  
assumed i n  t h e  a n a l y s i s  t h a t  the k i n e t i c  energy of each fragment 
w a s  found t o  be d i r e c t l y  p ropor t iona l  t o  the  c r a t e r  fragment 
i n t e r f a c e  a r e a  and t h e  s t r e n g t h  of t h e  energy wave. I n  o t h e r  
words, t h e  k i n e t i c  energy of a fragment was p ropor t iona l  t o  i t s  
a r e a  a s  w e l l  a s  s t r e n g t h  of the energy wave. This assumption is  
sound t h e o r e t i c a l l y  and y i e l d s  a v e l o c i t y  p r o f i l e  which i s  real- 
i s t i c  f o r  t h e  fragments. 
To compute t h e  r a d i a l  d i s t r i b u t i o n  of t h e  e j e c t a  around t h e  
c r a t e r ,  one has  t o  know both the  v e l o c i t y  and t h e  angle  of  de- 
p a r t u r e .  The model assumed i s  based on empir ica l  observa t ions  
and y i e l d s  r e l a t i v e l y  good e j e c t a  p a t t e r n s .  It is ,  neve r the l e s s ,  
an assumption which i s  not based on a phys ica l  model. 
mus t  be done i n  t h i s  area. 
More work 
I n  t h e  e a r l y  s t a g e s  of  c r a t e r i n g  t h e  i n t e n s i t y  of t h e  shock is 
s u f f i c i e n t  t o  melt  m a t e r i a l  and j e t  it ou t  a t  very high speeds.  
There i s  no s a t i s f a c t o r y  model t o  p r e d i c t  how much of t h e  energy 
i n  t h e  compressive wave i s  l o s t  i n  t h i s  process .  For want of a 
b e t t e r  f i g u r e ,  i t  was assumed t h a t  50 percent  of t h e  energy w a s  
l o s t .  It i s  hoped t h a t  t h i s  problem w i l l  be solved soon. It was 
a l s o  assumed t h a t  t h e  amount of m a t e r i a l  gained o r  l o s t  by t h e  
moon was zero. It i s  a very simple mat te r  t o  change t h e  program 
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t o  t ake  i n t o  account a c c r e t i o n  or loss  of m a t e r i a l  from t h e  
s u r f a c e  due t o  high speed 3 e t t i n g .  
The a n a l y s i s  shows secondary and t e r t i a r y  c r a t e r i n g  of s o l i d  
fragments con ta in  very l i t t l e  energy and hence t h e  e f f e c t  of 
of t h e  e j e c t a  on roughening the luna r  s u r f a c e  i s  n e g l i g i b l e .  
I n  o t h e r  words, t h e  only r e a l  c r a t e r  c r e a t i o n  comes from meteoric  
bombardment. It should be remembered t h a t  t h e  s tudy considered 
only  the  s o l i d  fragments e j ec t ed  and d i d  no t  cons ider  t h e  l i q u i d  
fragments j e t t e d  i n  t h e  e a r l y  s t a g e  of t h e  c r a t e r i n g  process .  
The crater s c a l i n g  law t h a t  s t a t e s  t h a t  t h e  mass of t h e  ejecta 
i s  d i r e c t l y  p ropor t iona l  t o  t h e  energy of the incoming body, 
was assumed. This assumption, along wi th  an energy decay l a w ,  
leads t o  a paradox. The paradox says t h a t  t h e r e  i s  a l o w e r  
l i m i t  i n  t h e  s i z e  of c r a t e r  t h a t  can be formed. (See Sec t ion  VI.) 
There i s  a way out  of the  paradox and t h a t  i s  t o  assume t h a t  t h e  
energy decay law i s  c s s c n t i a l l y  the  s c a l i n g  law. T h i s  means 
tha t :  
. .  
I n  t h i s  equat ion,  M e  i s  t h e  mass of t h e  e j e c t a ,  r t h e  r a d i u s  of 
the crater and 0 t h e  p a r t i t i o n  of energy i n  t h e  decay wave i n t o  
the  s u b s t r a t e .  This pos tu l a t ed  s c a l i n g  law i n d i c a t e s  t h a t  the 
energy r equ i r ed  t o  form t h e  l a r g e r  c r a t e r s  goes up f a s t e r  than 
t h e  e j e c t a  mass. S ince  t h i s  is not  t r u e  experimental ly  it means 
t h a t  for l a r g e r  craters 01 is smaller.  T h i s  i n  t u r n  may mean t h a t  
i n  l a r g e r  c r a t e r s  the presence of cracks or o t h e r  inhomogeneities 
cause CY t o  behave d i f f e r e n t l y .  The impl i ca t ions  of t h e  s c a l i n g  
l a w  w e r e  only thought of a f t e r  t h e  s t u d y  w a s  completed. 
I f  t h e  l a r g e r  e j e c t a  fragments w e r e  t o  land on t h e  hard su r face  
one would expect  them t o  comminute f u r t h e r .  This process  w a s  
considered and omit ted because it would have added t o  t h e  com-  
p l e x i t y  of t h e  computation and appears t o  have a r e l a t i v e l y  s m a l l  
e f fect  on the  s i z e  d i s t r i b u t i o n  of t h e  fragments. 
Computing d i f f i c u l t i e s  were encountered w i t h  t h e  For t r an  rou t ine .  
These r o u t i n e s  w e r e  no t  set up t o  handle the  comminution equat ion.  
I n  computing t h e  express ion  1- ( l - ~ ) ~  d i f f i c u l t y  was encountered 
when w a s  s m a l l  and GI l a r g e .  This seemingly t r i v i a l  problem 
prevented  t h e  ~ ~ : p ~ t a t i o i ~  of t h e  size d i s t r i b u t i o n  of ejecta f r o m  
craters formed by explos ions  w i t h  energ ies  over lo2' e rgs .  A 
power series e v a l u a t i o n  g i v e s  only temporary re l ief .  For a more 
a c c u r a t e  c r a t e r  model, f u r t h e r  work must  be done i n  f ind ing  wasy 
t o  compute t h i s  simple expression.  
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The s tudy shows t h a t  the d i s t r i b u t i o n  p a t t e r n  around s m a l l  
c r a t e r s  v a r i e s  s i g n i f i c a n t l y  f r o m  t h a t  around l a r g e  craters. 
For l a r g e  craters t h e r e  i s  a s i g n i f i c a n t  amount of m a t e r i a l  near  
t h e i r  r i m s .  This means t h a t  it would be hazardous t o  land near  
such a crater.  For smal l  c r a t e r s  t h e  e j e c t a  i s  thrown many 
diameters  away. Therefore a f r e s h ,  smal l  c r a t e r  would appear 
t o  be p e r f e c t l y  formed wi th  no e j e c t a  near  i t s  r i m .  This re- 
s u l t  may exp la in  why a number of almost p e r f e c t l y  formed s m a l l  
c r a t e r s  appear i n  both telescope and Ranger V I 1  p i c t u r e s .  
I. 
Lunar  Sur face  Rouqhness 
I n  Sec t ion  V I  t h e  l o g i c  f o r  desc r ib ing  t h e  method of computing 
the depth and s i z e  d i s t r i b u t i o n  of t h e  l u n a r  s u r f a c e  is descr ibed  
i n  d e t a i l .  Bas i ca l ly ,  t h e  method i s  t o  sum over a l l  t h e  in-  
d i v i d u a l  c r a t e r i n g  events .  A t  o b j e c t  t i m e ,  t h e  i n f a l l  d a t a  is 
read  i n .  Energies i n  each s i z e  range i s  computed. The s i z e  
d i s t r i b u t i o n  of e j e c t a  from craters a t  each energy l e v e l  i s  com- 
puted.  A roughness is  then computed by a t r a n s i t i o n a l  matr ix .  
The depth of t h e  d e b r i s  o r  dust  l a y e r  is computed and p r i n t e d  
o u t .  Then, i f  t h e  depth of t h e  dus t  l a y e r  i s  25 percen t  g r e a t e r  
than a t  t he  l a s t  recomputation a new t r a n s i t i o n a l  mat r ix  i s  
computed. 
t h a t  a meteor which cannot d ig  a crater deep enough t o  p e n e t r a t e  
the dus t  l a y e r  cannot comminute t h e  s u b s t r a t e .  I f  t h e  meteor 
has  enough energy t o  p e n e t r a t e  t h e  dus t  l aye r  i t  w i l l  conkinute 
t h e  s u b s t r a t e .  I n  t h e  t r a n s i t i o n a l  mat r ix ,  comminuted material 
i n  each s u b s t r a t e  i s  t abu la t ed  so t h a t  t h e  percent  of each sub- 
s t r a t e  comminuted i s  known. Therefore,  a s  t h e  dus t  l a y e r  g e t s  
deeper t h e  amount of new m a t e r i a l  thrown up is  decreased. 
I n  computing the  new t r a n s i t i o n a l  matr ix  i t  i s  assumed 
For a l a r g e r  c r a t e r  which p e n e t r a t e s  t h e  d u s t  l a y e r ,  t h e  volume 
of new m a t e r i a l  comminuted and thrown out  a s  e j e c t a  is  t h e  f r ac -  
t i o n  of t h e  c r a t e r ' s  volume t h a t  l ies  below t h e  dus t  l a y e r  (see 
Figure  6 . 2 ) .  The matr ix  process y i e l d s  an accura te  method o f  
account ing f o r  a l l  l a y e r s  of t he  lunar  su r face ,  inc luding  i t s  
s u b s t r a t e .  Erosion is  au tomat ica l ly  computed i n  t h e  t r a n s i t i o n a l  
ma t r ix  because t h e  exposed p a r t i c l e s  a r e  considered t o  be bom- 
barded by the f i n e r  p a r t i c l e s .  I n  a way t h i s  computational 
method obscures t h e  role of e ros ion ,  bu t  i t  makes t h e  computation 
p o s s i b l e  i n  a reasonable  length of t i m e .  Thus, t o  test t h e  e f f e c t  
of  e r o s i o n  on t h e  roughness i t  i s  necessary t o  change the shape 
of  t h e  i n f a l l  da t a .  
Our e s t i m a t e  of t he  depth of the dus t  o r  rubble  l a y e r  a r e  h igher  
t han  o t h e r  p e o p l e ' s  f o r  s eve ra l  reasons.  F i r s t ,  w e  used Hawkins' 
data which is of g r e a t e r  magnitude than t h a t  used by Orrok. I f  
w e  cat  Hswkins' i n f a l l  r a t e  a r b i t r a r i l y  by one - f i f th ,  t h m  
w e  g e t  a one meter depth which i s  closer t o  Orrok 's  70  c e n t i -  
meter upper l i m i t .  I n  our  program w e  considered t h a t  the d e b r i s  
f r o m  t h e  very large meteors w a s  uniformly d i s t r i b u t e d  over  the 
s u r f a c e .  I n  later s t a g e s  of the  moon's h i s t o r y  v i r t u a l l y  a l l  
new m;t is j ia l  going i n t o  t h e  dus t  l a y e r  is f r o m  t h e  large craters. 
Orrok c u t  o f f  s i z e  d i s t r i b u t i o n  o f  the l a r g e r  meteors and 
computed equ i l ib r ium depth.  Cut t ing of f  t h e  l a r g e  meteors 
has  t w o  e f f e c t s .  F i r s t ,  a f te r  a dus t  l a y e r  of a given th i ckness  
i s  reached, only t h e  very l a r g e  craters p e n e t r a t e  the d u s t  l a y e r  
and d i g  o u t  new material t o  inc rease  i t s  th ickness .  Second, 
m o s t  of t h e  d e b r i s  f r o m  t h e  l a r g e r  craters f a l l s  near  t h e i r  r i m s  
and does n o t  c o n t r i b u t e  t o  the gene ra l  t h i ckness  of t h e  d u s t  
l a y e r .  Thus, w e  s t r o n g l y  urge t h a t  the program be run wi th  a 
c u t  o f f  s i z e  for the l a r g e r  meteors. It is  b e l i e v  t h a t  by 
have a th ickness  c l o s e r  t o  Orrok 's ,  
us ing  O r r o k ' s ( l * )  i n f a l l  d a t a ,  r a t h e r  than Hawkins 'if) , w e  w i l l  
Another reason f o r  d i f f e r i n g  with o t h e r  estimates o f  t h e  dep th  
of t h e  dus t  l a y e r  i s  t h e  so-ca l led  comminution l a w ,  Those used 
by Gaul t ,  Orrok and o t h e r s  is, though widely used, empirical. 
For exponents l e s s  than one it  implies t h a t  t h e . s u r f a c e  area 
c r e a t e d  i s  i n f i n i t e .  Thus, i t  i s  phys ica l ly  unsound. I n  th i s  
s tudy a more s o p h i s t i c a t e d  comminution l a w  w a s  der ived  s p e c i f i -  
c a l l y  for  c r a t e r i n g  which f i t s  t h e  experimental  data reasonably 
w e l l  and y i e l d s  f i n i t e  su r face  a rea .  The s i z e  d i s t r i b u t i o n  or 
f i n e n e s s  of t h e  dus t  l aye r  is not appreciably changed w i t h  t i m e .  
I t  s t a r t e d  off a t  37 percent  b e l o w  40 microns and dropped to  
3 1  pe rcen t  a f t e r  a b i l l i o n  years .  This i n d i c a t e s  a s l i g h t  
roughening of t he  d u s t  l a y e r  which i s  due, undoubtedly, t o  the 
burying of t h e  l a r g e r  p a r t i c l e s .  
they  a re  no t  eroded. 
not comminuted'by the l a r g e r  par t ic les  because no v a l i d  model 
for determining t h e  amount of comninution t h a t  would t ake  place 
w a s  a v a i l a b l e .  The e f fec t  of t h i s  assumption i s  r a t h e r  s m a l l  
i n  t h e  l a r g e r  s i z e  ranges because t h e r e  are so f e w  l a r g e  par t ic les .  
T h e  shape of t h e  s i z e  d i s t r i b u t i o n  curve of t h e  dus t  l a y e r  i s  
independent of t i m e  and t h e  i n t e n s i t y  of i n f a l l .  It may, how- 
ever, be s e n s i t i v e  t o  t h e  shape of t h e  i n f a l l  curve. Thus, i f  
less cometary mater ia l  r e l a t i v e  to  the s tones  and i r o n s  is 
assumed for  t h e  i n f a l l  curve,  then a rougher su r face  may accrue  
due t o  t h e  s l o w e r  e r o s i o n a l  r a t e .  I t  should be poin ted  o u t  that  
the e r o s i o n a l  ra te  of the p a r t i c l e s  i s  d i r e c t l y  incorpora ted  i n t o  
the ma t r ix  method. 
0 
When the p a r t i c l e s  are bur ied  
It w a s  assumed t h a t  t h e  d u s t  l a y e r  w a s  
It  w a s  assumed that a l l  ma te r i a l  h i t  t he  luna r  su r face  a t  2 0  
ki lometers  a second. A suggested change i n  t h e  program would 
read i n  the v e l o c i t y  p ro f i l e  of the incoming p a r t i c l e  as a func- 
t i o n  of par t ic le  s i z e .  T h i s  would enhance the programs f l e x i -  
b i l i t y  and accuracy, T h e  change i s  r e l a t i v e l y  s m a l l  both i n  the 
w o r k  t o  be done and the increase  i n  computational t i m e .  
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The program was run wi th  only one i n f a l l  s ize  d i s t r i b u t i o n  and 
f o r  one i n i t i a l  boundary condi t ion .  However, w i th  t h e  p r e s e n t  
program it is p o s s i b l e  t o  compute t h e  s i z e  d i s t r i b u t i o n  or 
roughness near  a l a r g e r  c r a t e r  when i t  i s  formed and how t h i s  
roughness v a r i e s  wi th  t i m e .  The s i z e  d i s t r i b u t i o n  and dep.th of 
t h e  d u s t  l a y e r s  i n  regions f r e e  f r o m  l a r g e  c r a t e r s  can also 
be computed. 
S ince  t h e  shape and i n t e n s i t y  o f  t h e  i n f a l l  curve is  Object 
t i m e  input  t o  t h e  proqram, i t  i s  easy  t o  compute t h e  s i z e  d i s -  
t r i b u t i o n  and depth  o f  t h e  dust  l a y e r  a s  a func t ion  of a w i d e  
v a r i e t y  of i n f a l l  curves.  It is recommended t h a t  t h i s  work be 
done because i t  would take  r e l a t i v e l y  l i t t l e  t i m e  and much 
information would be gained. 
The program, as now w r i t t e n ,  cannot be used by o t h e r s  or on 
o t h e r  computers. Information i s  p r i n t e d  out  Iton l i n e t t  and on 
tapes .  This i s  c o n t r o l l e d  by t h e  machine ope ra to r .  Furthermore, 
the ope ra to r  dec ides  when t h e  t r a n s i t i o n a l  mat r ix  should be re- 
computed by reading  t h e  "on l i n e b t  d a t a .  This w a s  done because 
t h e  a u t h r s  d i d  not  know what t o  expect  from t h e  program, and 
Object t i m e  c o n t r o l  gave g r e a t  f l e x i b i l i t y .  T h i s  may be seen 
i n  Figure 7.1.  Since w r i t i n g  and running t h e  program, cr i ter ia  
f o r  d e c i s i o n  has  been a r r i v e d  a t  which can r e a d i l y  be included 
i n  the program. The b a s i c  language of  t h e  program i s  For t r an  I1 
w i t h  f r e e l y  adjoined pseuds SAP i n s t r u c t i o n  as b inary  pa tches  . 
It i s  suggested t h a t  t h e  program be rev i sed  so t h a t  it may be 
compiled on t h e  average s c i e n t i f i c  computer and run without  
o p e r a t o r  i n t e r v e n t i o n .  I n  t h i s  way, the program could be used 
as a r e s e a r c h  tool by JPL and o t h e r s .  
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SW 2: RECOMPUTE A TAPE 2 
IN 
--dl 
# - PAUSE 70707 
PRINT v 
INTERVAL 
F i g u r e  7.1 
!. SECTION VI11 
Recommendations for Fur ther  Work 
The purpose o f  t h i s  s tudy w a s  t o  make an e s t ima te  of t h e  rough- 
ness  of t h e  lunar  su r face  based on t h e  s i z e  d i s t r i b u t i o n  of 
m a t e r i a l  i n  t h e  dus t  l a y e r  covering t h e  moon. 
program i n  t h e  a l l o t t e d  t i m e  c e r t a i n  problems w e r e  t r e a t e d  
less thoroughly than w a s  des i r ed ,  Furthermore t h e  roughness 
estimate d i d  no t  consider  roughness due t o  the pocking of t h e  
luna r  su r face  with c r a t e r s .  These craters b l a s t e d  o u t  by the 
i n f a l l  are sof tened o r  b lu r r ed  wi th  t i m e .  I t  is  recommended 
t h a t  f o r  f u t u r e  work (1) t h e  program used t o  compute t h e  
roughness be ' s t rengthened  t echn ica l ly  and r u n  f o r  a v a r i e t y  of 
i n f a l l s ,  and ( 2 )  an estimate be made of t h e  roughness due t o  
craters. 
To f i n i s h  t h e  
More s p e c i f i c a l l y ,  t h e  program used t o  compute the roughness 
of t h e  lunar  su r face  con ta ins  c e r t a i n  mathematical models which 
we  f e e l  r e q u i r e  f u r t h e r  development for a more s o p h i s t i c a t e d  
model. Furthermore t h e  program, while  i t  may be run by u s  on 
our machine, cannot be run on o the r  machines. A l s o ,  i n  u t i l -  
Hawkins izing "2f) t o  make our roughness estimate, 
program w e  used only the l a t e s t  publ ished d a t a  of 0 
I. W e  propose, t h e r e f o r e ,  t h e  fol lowing a d d i t i o n a l  work: 
( a )  This work would include s tudying the depa r tu re  
angles  of  t h e  d e b r i s  as they leave the craterj  
the v e l o c i t y  p r o f i l e  of t h e  i n f a l l i n g  me teo r i t e s ,  
and such t h i n g s  as the  p a r t i t i o n  of energy i n  
the  compressive wave be tween h e a t ,  v i b r a t i o n  and 
k i n e t i c  energy  of the  fragments. It would also 
at tempt  t o  r e s o l v e  the paradox of the s c a l i n g  
laws , 
(b) The program be rev ised  so t h a t  it could be com-  
p i l e d  on any computer and run a t  any i n s t a l l a t i o n .  
The c u r r e n t  program has  cons iderable  "on l i n e "  
dec i s ion  making requirements a s soc ia t ed  w i t h  it, 
By r e v i s i o n  it couid be used as a r e s e a r c n  tool  by 
J P L  and o t h e r s ,  
(c) The program be run wi th  a v a r i e t y  of i n f a l l  data 
a s  w e l l  a s  v a r i a t i o n  i n  o the r  input  parameters.  
It i s  known t h a t  the  shape of t h e  i n f a l l  d a t a  
i s  s i g n i f i c a n t  i n  the c r e a t i o n  and e ros ion  of 
- 52 - 
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blocks.  S i n c e  w e  were a b l e  t o  run t h e  program 
only once, t h e  e f f e c t  of var ious  i n f a l l  r a t e s  
and shapes could not be t e s t e d .  
11. our s tudy showed t h a t  t h e r e  was l i t t l e  l i ke l ihood  of rough- 
nes s  due t o  t h e  presence of l a r g e r  blocks.  However, t h e  
roughness c o n t r i b u t i o n  due t o  c r a t e r s  was not  Studied,  W e  
propose t h a t  we use t h e  same techniques t o  e s t ima te  t h e  
c r e a t i o n  and disappearance of c r a t e r s .  
W e  propose, t h e r e f o r e ,  the fol lowing new Work: 
( a )  Develop a method of e s t i m a t i n g  the  b i r t h r a t e  of 
new c r a t e r s .  
(b)  Develop a method of c s t i z a t i n g  the c a t a s t r o p h i c  
disappearance of old c r a t e r s .  
( c )  Develop a method of e s t ima t ing  c r a t e r  r i m  e ros ion  
o r  d e t e r i o r a t i o n .  
(d)  Develop a method of e s t i m a t i n g  c r a t e r  f i l l - i n  rate.  
( e )  Using ( a )  through ( d ) ,  develop a method t o  simu- 
l a t e  the  behavior of  t h e  luna r  su r face  a s  a 
func t ion  of time and i n - f a l l  r a t e .  
( f )  From ( e )  develop a method f o r  e s t ima t ing  t h e  
roughness of the  m o m .  
(9) Make an es t imate  of t h e  roughness of t he  su r face  
due t o  c r a t e r s ,  
We b e l i e v e  t h a t  we can u s e  the  mat r ix  approach used i n  t h i s  
s t u d y  on t h e  c r a t e r  problem. The output  would probably be i n  
t h e  form of t h e  number of c r a t e r s  of a given s i z e  per  square 
k i lometer .  For a given c r a t e r  s i z e  the  number of a given 
diameter t o  depth r a t i o  would be computed. Thus, t h e  output  
w o u l d  be a two dimensional a r r ay  wi th  diameter on-one  s i d e  
and diameter  t o  depth r a t i o s  on t h e  o t h e r  s i d e .  
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